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Abstract
Gravity modes present in γ Doradus stars probe the deep stellar interiors
and are thus of particular interest in asteroseismology. Mode identification
will improve the knowledge of these stars considerably and allow an under-
standing of the issues with current pulsational models. The methods used
in this thesis are also applied to a low degree pressure mode pulsator as a
check for their validity.
A frequency analysis followed by a mode identification were done based on
the high resolution spectroscopic data of one β Cephei star, PT Puppis, and
two γ Doradus stars, HD 189631 and AC Lepus. Extensive spectroscopic
data sets are obtained by three instruments: HARPS, FEROS and HER-
CULES. We obtained 161 spectra for PT Puppis, 422 spectra for HD 189631
and 248 spectra for AC Lepus.
The pulsational frequencies were determined by four methods: analysis of
the variations in equivalent width, radial velocity, asymmetry of the line pro-
file and by using the pixel-by-pixel frequency analysis. The mode identifica-
tion was done using the recently developed Fourier Parameter Fit method.
Without achieving the same degree of confidence for all results, we report
the identification of two pulsational modes in PT Puppis: (` = 0 ; m = 0)
at f1 = 6.07 d
−1 and (2 ; 0) or (1 ; +1) at f2 = 5.99 d−1, four modes in
HD 189631: (1 ; +1) at f1 = 1.67 d
−1, (3 ; −2) at f2 = 1.42 d−1, (2 ; −2) at
f3 = 0.07 d
−1 and (4 ; +1) at f4 = 1.82 d−1 and two modes in AC Lepus: (2 ;
−1) at f1 = 0.75 d−1 and (3 ; −3) at f2 = 1.09 d−1. This study provides the
first pulsational analysis based on spectroscopy of PT Puppis, HD 189631
and AC Lepus. We discuss the performance of current methods of analysis,
outline the difficulties presented by γ Doradus stars, and compare our results
with other published pulsational mode identifications.
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Chapter 1
Introduction
1.1 Asteroseismology
For centuries stars with varying brightness have been recorded. However only within
the last hundred years has it been understood that these variations are due to intrin-
sic pulsations of the stars themselves. This was the first step of asteroseismology. It
studies the internal structure of stars through the analysis and interpretation of their
oscillations. Stars are opaque, their interiors are not directly observable; probing these
stellar interiors can only be done by observing the star’s pulsations. These oscillations
are dependent on the properties of the overall stellar structure. The frequency, am-
plitude and type of these pulsations give valuable information to asteroseismologists
(Aerts et al., 2008). In theory, more information is obtained with each new pulsation
observed for a star. In this way, the principles of asteroseismology are, to a certain
extent, similar to those of earth seismologists.
Asteroseismology is a field of study which relies on the most advanced telescopes
and instruments, modern techniques and methods of analysis of the data to identify
the mode of pulsations, advanced mathematical descriptions of oscillations in a three
dimensional body and accurate numerical modelling of stellar structures. It is a promi-
nent example of interdisciplinary science. A successful modelling of a star’s pulsation
provide information on its internal temperature, pressure, chemical composition and
mass distribution as a function of the radius. These properties then help to constrain
the star’s age, mass and radius (Briquet et al., 2007; Casas et al., 2006; Handler et al.,
2003; Lenz et al., 2008; Mazumdar et al., 2006; Rodr´ıguez et al., 2006b). A good ex-
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ample of success in asteroseismology is its application to white dwarfs to deduce their
core composition and crystalline structure (Kanaan et al., 2005). The ultimate goal of
asteroseismology is to improve our understanding of stellar structure and evolution.
Many types of variable stars are known and each type can be localized in a specific
region on a colour-magnitude diagram (or an HR diagram), as seen in Figure 1.1.
Variable stars can have very different conditions of temperature, density, metallicity,
and therefore the physics involved in one type of pulsation can differ greatly to another
type. Different causes induce different types of pulsations. Two types of variable stars
will be studied in this work: β Cephei and γ Doradus. Each is representative of larger
groups of pulsating stars, respectively the pressure mode (p-mode, where the restoring
force is pressure) and the gravity mode (g-mode, restoring force is gravity) pulsators.
The stellar pulsations can be either radial, where the entire surface of the star
has the same radius which increases and decreases throughout the pulsation, or non-
radial, where travelling waves propagate along the stellar surface. In most cases radial
pulsation waves can only provide information on the mean density of the star, whereas
non-radial pulsational (NRP) waves propagate only in certain regions of the stellar
interior, so they can yield specific information about the layers in which they propagate
(Aerts et al., 2007).
1.2 Non-radial pulsations
Non-radial pulsational modes are typically described by three wavenumbers: n, ` and
m. The n represents the number of nodes, i.e. shells, between the centre and the
surface of the star. It is not directly detectable with observations. The analysis of
the pulsational modes will only give information about ` and m. The latter numbers
correspond to the degree and azimuthal order of the spherical harmonic Y ml (θ, φ) that
represents the dependence of the mode on the angular variables θ and φ for a star
assumed to be in spherically symmetric equilibrium. When observing pulsations on a
two dimensional surface the lines which remain at rest while the other parts of the star
are oscillating are called nodal lines. They are the two dimensional equivalent of the
one dimensional nodes. As seen in Figure 1.2, the value of ` gives us the total number
of nodal lines, whereas the value of m will tell how many of these lines pass through the
poles of the rotational axis. Note that ` = 0, m = 0, corresponds to a radial pulsation.
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Figure 1.1: Colour-magnitude diagram of variable stars from Kaler (2006). The main
sequence is represented by a solid black line from bottom right to top left, the γ Doradus
region is circled by a thick pink line and the β Cephei region is circled by a thick red line.
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In Figure 1.2, the dark purple sections are moving inward while the bright yellow ones
are moving outward. They cause, respectively, a redshift and a blueshift in the observed
stellar spectrum. Half an oscillation cycle later, the purple parts are moving outwards,
whilst the yellow parts are moving inwards. The surface elements situated exactly on
the nodal lines do not move during the oscillation cycle. In reality a star with NRPs
will most likely have more than one pulsation, thus every surface element moves from
the superposition of the pulsation modes in a very complicated manner.
Figure 1.2: Non-radial pulsations. Representations of different non-radial pulsation
modes, each with `, the total number of nodal lines, equal to three. The four images
differ by their value of m, the number of nodal lines through the vertical (rotation) axis,
from m = 0 to |m| = 3 (Zima, 2006)
The modes with m = 0 are standing waves, called axisymmetric or zonal modes.
Non-zonal modes are running waves. In this work we use the convention whereby
negative m values denote modes moving opposite to the rotation (retrograde modes),
while positive m values are associated with modes moving in the direction of rotation
(prograde modes). The modes with ` = |m| are called sectoral, and those with 0 6=
|m| < ` are tesseral.
A radial pulsation is generally directly observable by a change in the star’s lumi-
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nosity, which is due mostly to a photospheric temperature change. The size variation
of the star only plays a small role in comparison. Photometry is therefore very effective
in analyzing radial pulsations. In the case of NRPs the brightness variations are not
as strong because of cancellation effects between parts of the star being out of phase
in the pulsation cycle. These cancellation effects are greater as the degree ` of the pul-
sation is higher (Cunha et al., 2007). One exception is for ` = 1 where the observable
amplitude is greater than for the radial mode (Aerts et al., 2007). Thus photometry is
still effective at detecting low degree NRPs.
The various movements of a star can be seen to some extent in spectroscopic ob-
servations. First, the relative velocity of the target star with respect to the sun causes
a constant Doppler shifting of the whole spectrum. This does not affect the profile of
individual spectral lines. The second effect is the rotation of the star. At all times,
half of the star is moving towards the earth while the other half is moving away. The
resulting Doppler shift is equally split between a red shift and a blue shift. This widens
the spectral line proportionally to the stellar rotation. Since rotation is constant the
line profile does not vary with time due to this effect. Finally, the movements of the
surface elements caused by pulsations add to the general movement. Through a pul-
sation cycle, the velocity of surface elements varies with time and causes line profile
variation. For a radial pulsation the line will uniformly be red shifted during half of the
pulsation cycle, then blue shifted during the other half. For NRPs the surface elements
are not all affected in the same way at the same time, so temporary ”bumps” will ap-
pear and disappear on, or travel across, the line profile (Figure 1.3). This is observed
by spectroscopy (Cunha et al., 2007). High precision, high resolution, spectroscopic
observations are therefore critical in order to analyze NRPs. Four examples of line
profile variations are shown on Figure 1.4. They have been produced synthetically by
Wright (2008) using the FAMIAS software (Zima, 2008).
1.3 Types of non-radial pulsations and their mechanisms
There are several different types on non-radial pulsators. The Sun itself oscillates, but
these oscillations are of extremely low amplitude, typically of the order of 2 X 10−4 km.s−1.
These are called stochastically excited modes of pulsation, are not self-sustained, and
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Figure 1.3: Examples of synthetic line profile variations caused by non-radial pulsations
(Telting and Schrijvers, 1997a). Four different NRPs are represented. From top to bottom:
Images of the star showing how surface elements are affected by the pulsation; superposed
line profiles of pulsating and non-pulsating cases; difference of line profiles of pulsating and
non-pulsating case; grey scale representation of residual spectra (mean subtracted) of 3
pulsation cycles; amplitude and phase diagrams of the pixel variation in the corresponding
spectral line.
6
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Figure 1.4: Examples of synthetic line profile variations caused by non-radial pulsations
(Wright, 2008). In each case the line profiles are shown in a stacked plot and the difference
from the mean is plotted as a 2-D colour-mapped surface. The modes are: ` = 2, m = 0
(top left); ` = 4, m = 2 (top right); ` = 4, m = 0 (bottom left); ` = 5, m = −5 (bottom
right).
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are expected in all stars having an outer convective layer. In the case of binary sys-
tems, oscillations can be forced by tidal effects. These are found with a large range of
amplitudes.
In this thesis we concentrate on self-excited oscillations of large amplitudes, which
can therefore be observed in distant stars. They belong to two distinct types of pul-
sations, either p-mode, where the restoring force is pressure, or g-mode, where the
restoring force is gravity. The latter involves departure from spherical symmetry and
hence are non-radial modes.
Pressure mode pulsations are observable because of a vertical displacement of the
stellar surface, but they propagate through most of the star, especially low degree `
modes. In particular, radial p-modes extend essentially to the center of the star (Cunha
et al., 2007). They have high frequencies when compared to g-modes and are found
in β Cephei and δ Scuti stars. β Cephei stars have masses between 8 and 18 M
and effective temperatures around 25,000 K. Their observational characteristics have
been reviewed by Stankov and Handler (2005). The δ Scuti stars are the less massive
analogous of β Cephei along the main sequence, with masses ranging from 1.5 to 2.5 M.
In the case of p-modes, both radial and non-radial modes can be found (Handler et al.,
2004). A β Cephei star PT Puppis, is studied in this thesis.
The gravity modes are internal gravity waves originating from the deep regions
of the star at low frequencies (Cunha et al., 2007). They have a larger horizontal
component to their displacement than p-modes (Christensen-Dalsgaard, 2003), and are
found in slowly pulsating B (SPB) stars and γ Doradus stars (Cunha et al., 2007). This
thesis presents the analysis of two γ Doradus stars, HD 189631 and AC Lepus.
It should be noted that, in evolved objects, the basic description above is no longer
valid as the two frequency domains can overlap and modes of a mixed nature can occur,
i.e. g-mode characteristics in the deep layers and p-mode characteristics in the outer
layers (Handler et al., 2004, 2006).
In the case of β Cephei stars, the p-mode pulsations are thought to be caused by the
κ mechanism, caused by the opacity of the star’s envelope, and described by Moskalik
and Dziembowski (1992) and Dziembowski and Pamiatnykh (1993). This mechanism
can be succinctly described like this: as energy radiates from the core it is stored into
successive layers of the star, one after another. In the envelope, if a layer has specific
conditions of temperature, luminosity and chemical composition it can trap the energy
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longer than the other layers. Thermostatic equilibrium is then broken as the above
layers are not receiving enough energy and thus start to contract. When the stored
energy reaches a critical value, the “trapping” layer expands and releases it. The upper
layers recover the energy and expand as well, the star reacquires its original size. The
whole process can freely start over and millions of cycles can occur in this way. This
can produce a very stable pulsation. The source of opacity responsible for β Cephei
pulsations is thought to be the ionization of the iron group elements. The same process
causes excitation of the high-order g-mode oscillations, with periods of a day or more,
in the Slowly Pulsating B stars (Cunha et al., 2007).
In γ Doradus stars however, the mechanism is thought to be very different. Guzik
et al. (2000) proposed a convective flux blocking mechanism. In γ Doradus stars,
the convective zone is sufficiently deep for the convective timescale to be substantially
longer than the pulsation period, thus convection cannot adjust rapidly enough during
the pulsation cycle to transport the emerging luminosity. Hence the luminosity per-
turbations are blocked by convection at the base of the convective envelope, leading to
heating in phase with compression (Warner et al., 2003). This was further investigated
by Dupret et al. (2005), using the convection formulation of Gabriel (1996), which is
a time dependent treatment of convection. This essentially confirmed that convective
blocking dominates the driving of these oscillations. Dupret et al. (2005) then predicted
an instability strip on the HR diagram from this theory matching the observations.
1.4 Mode identification of non-radial pulsations
Recent work in asteroseismology has provided the scientific community with powerful
tools to determine the modes of oscillations of a variable star.
Initial works on photometric mode identification were done by Dziembowski (1977)
and Balona and Stobie (1979). They pointed the fact that the amplitude and phase
of the pulsations observed in the light curves depend on, among other things, the
geometrical configuration of the nodal lines with respect to the observer, i. e. on
the values of the wavenumbers ` and m, and of the inclination angle i. It was then
realised by Watson (1988) that the dependence on m and i can be grouped under a
single term independent of wavelength. Therefore multi-colour photometric time-series
observations, which depend on wavelength, can uniquely identify the degree ` of a
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pulsation mode. This is done using a method defined by Heynderickx et al. (1994)
and later improved by Dupret et al. (2003) who included a non-adiabatic treatment of
the oscillations in the atmosphere of their models. Dupret et al. (2003) illustrated the
applicability of their method to β Cephei stars, SPB stars, δ Scuti stars and γ Doradus
stars. In some cases multi-colour photometry can determine the ratio of the bolometric
flux variation to the radial displacement, which is sensitive to stellar convection and
can help in the selection of the convective model (Daszyn´ska-Daszkiewicz et al., 2003).
In a spectral line profile, the velocity field displacement due to the oscillations leads
to line profile variations observable through high-resolution time-series spectroscopy.
Various spectroscopic techniques have been developed and applied to γ Doradus and
other types of variable stars. Most methods propose an identification of m but often
lack the confidence of photometric techniques for the identification of l (Aerts et al.,
2007). This is thus complementary to photometric data. The most common methods
are
• a direct comparison of synthetic and observed line profiles (Balona, 2003; Man-
tegazza, 2000);
• the moment method (Aerts, 1996; Balona, 1986; Briquet and Aerts, 2003) appli-
cable to low-degree modes (` ≤ 3);
• Doppler imaging of the stellar surface (Berdyugina et al., 2003; Schrijvers et al.,
1997; Telting and Schrijvers, 1997b);
• an analysis of the phase and amplitude across the line profile (Schrijvers and
Telting, 1999; Zima, 2006)
In this thesis another technique, the Fourier Parameter Fit method (FPF) developed
by Wolfgang Zima, is used. It relies on a direct fit to the observed Fourier parameters
zero-point, amplitude and phase across the line profile, with theoretical values. It has
produced excellent results on large spectroscopic data sets for some β Cephei and δ
Scuti stars (Zima, 2006). It has the advantage over other mode identification methods
to provide a statistical criterion to quantify the significance of the observed solutions.
However difficulties have been encountered when applying the method to g-mode pul-
sating stars (Zima et al., 2007). The large horizontal velocities of g-mode pulsations
make the identification of the azimuthal number m very difficult. The determination of
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the inclination angle i is very uncertain and thus reliable frequency values in the stellar
rotation frame of reference could not be derived. These frequencies are important for
further theoretical modelling.
1.5 Pulsations in β Cephei stars
Photometric mode identification has been done on the β Cephei stars HD 29248 (ν
Eridani) by De Ridder et al. (2004) and HD 214993 (12 Lacertae) by Handler et al.
(2006), both based on extensive data sets. They show that both stars have low degree
modes (` < 4), including at least one radial mode. Since photometry is biased to
detect low degree ` pulsation modes only, a complementary work using high-resolution
spectroscopic observations is necessary. Aerts et al. (2003) on HD 216916 (16 Lacertae),
Briquet et al. (2009) on HD 180642, and Desmet et al. (2009) who also worked on
HD 214993, all found, using spectroscopic observations, that their β Cephei targets
pulsate in low degree ` modes, with at least one radial mode. This confirms the results
obtained from photometry suggesting that all β Cephei stars pulsate in low degree
modes, although the low number of stars analyzed does not allow for a generalization
yet. It could be a selection effect as these targets were deliberately chosen for their high
amplitudes and low projected rotational velocities. Thus if there are β Cephei stars
without a radial mode, these targets had a higher probability to have radial modes
excited to observable amplitudes.
Wright (2008) used the FPF method to analyze the pulsations of HD 163472, identi-
fying one radial mode and one ` = 3 or ` = 4 mode, which confirms the result of Neiner
et al. (2003). However this star is a particular case because Neiner et al. (2003) believe
that the pulsation axis does not coincide with the rotational axis. This is incompatible
with the assumptions made by all methods of mode identification.
1.6 Pulsations in γ Doradus stars
The γ Doradus and SPB stars are of particular interest in terms of asteroseismology,
since they pulsate in high order, low-degree modes with co-rotating frequencies gener-
ally from 0.3 to 3 d−1 which probe the deep interiors of these stars (Kaye et al., 1999).
Observationally these objects are challenging. The theoretical frequency spectra are
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dense and the pulsation periods of around a day can give rise to severe aliasing prob-
lems. Beat periods up to years can occur. Hence long time sequences of observations are
required in order to acquire enough data so that identification of the pulsation modes
can be undertaken unambiguously. Large observing efforts are being undertaken by
several research teams, including long-term multicolour photometric monitoring (Han-
dler, 2009) or high resolution spectroscopic campaigns (De Cat et al., 2006) or both
(Uytterhoeven et al., 2008b).
This thesis describes research that is part of a project to improve the spectroscopic
mode identification of main-sequence non-radially pulsating stars such as γ Doradus
stars and SPB stars and to examine the cause of mode identification difficulties in these
stars (De Cat et al., 2009). We are undertaking an extensive observational campaign
to look at a number of these variable stars (Maisonneuve et al., 2010). This includes
obtaining high-resolution spectroscopic observations at a number of observatories world-
wide as part of a coordinated campaign (Wright et al., 2009).
Two γ Doradus stars are being studied in this work and no SPBs. This is why the
following theoretical background is only focusing on that type of variable stars. For
recent reviews of γ Doradus stars we refer to Handler (2005) and Pollard (2009). It
has been just over a decade since they have been classified as a class of pulsating stars
(Kaye et al., 1999), although the class prototype, γ Doradus itself, has been identified
as a variable star long ago by Cousins and Warren (1963). Further discoveries of stars
sharing the same seismic characteristics led Mantegazza et al. (1994), Krisciunas (1994)
and Hall (1995) to suggest that they constitute a new class of variable stars. Their
variability has been interpreted in terms of multiperiodic high-order non-radial g-modes.
The observational and calculated properties of the class members were summarized by
Kaye et al. (1999): They belong to early F spectral types and are seen in all sorts of
projected rotational velocities v sin i. They have masses between 1.5 and 1.8 M, radii
between 1.4 and 2.2 R, and effective temperatures ranging from 6900 K to 7400 K.
Their metallicity is close to the sun’s metallicity.
Although they are very challenging to study, it seems worthwile to do so because
they have the potential to undergo at the same time g-modes solar-like pulsations be-
cause of their outer convection zone. Indeed, they are situated near the zone in the HR
diagram where stochastically excited pulsations are predicted to happen (Christensen-
Dalsgaard, 1982; Houdek et al., 1999). Moreover, from recent CoRoT (Baglin et al.,
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2006) and Kepler observations (Gilliland et al., 2010), γ Doradus and δ Scuti (which
have p-mode pulsations) pulsations can be found in the same star. This has recently
been observed simultaneously by Uytterhoeven et al. (2008a), Hareter et al. (2010),
and Grigahce`ne et al. (2010), in the so-called “hybrid stars”. These stars can in theory
provide more information than any other variable stars because both the outer layers,
through the δ Scuti pulsations, and the inner layers, through the γ Doradus pulsations,
can be probed (Handler et al., 2002). Uytterhoeven et al. (2008a) found that the star
HD 49434 is one of these hybrid stars. They suggest that this would be the case for
many γ Doradus stars and that it could be confirmed by spectroscopic observations.
In the recent years there has been significant progress in the understanding of
γ Doradus stars. For instance, Miglio et al. (2008) have studied the properties of
convective cores in slowly pulsating B (SPB) and γ Doradus stars by modelling high-
order g-modes. On the other hand, the new Frequency Ratio Method (FRM) described
in Moya et al. (2005) and Sua´rez et al. (2005) provides information on γ Doradus
pulsating stars showing at least three pulsation frequencies identified with very high
precision. The method provides an identification of the radial order n and degree ` of
observed frequencies (under the assumption that all modes are the same degree) and
an estimate of the integral of the buoyancy frequency (Bruntt-Va¨isa¨la¨) weighted over
the stellar radius along the radiative zone (Rodr´ıguez et al., 2006a,b).
Finally, the treatment of some of the theoretical aspects, such as stellar rotation and
in particular the effects of the Coriolis and centrifugal forces, may become important in
these stars. Rotation can, for instance, shift the κ-mechanism instability strip towards
higher luminosities and effective temperatures, as it has been shown for SPB stars
(Townsend, 2005). Also, as a star rotates faster, the pulsation is found with a greater
amplitude towards the equator than near the poles (Townsend, 2003). Coupled with
the effects of the inclination angle i, this can severely affect the way in which pulsations
are seen from earth.
Previous attempts to identify the modes of pulsations in γ Doradus stars have been
made. Some used only photometry (Breger et al., 1997; Rodr´ıguez et al., 2006b; Zerbi
et al., 1997, 1999), others used spectroscopy and worked with the moment method
(Aerts and Kaye, 2001; Aerts and Krisciunas, 1996; Aerts et al., 2004a; Balona et al.,
1996) or the intensity-period search (IPS) method based on Doppler imaging (Handler
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et al., 2002; Hatzes, 1998; Jankov et al., 2006) or even both methods (Uytterhoeven
et al., 2008a).
Wright (2008) performed the only two previous mode identifications on γ Doradus
stars using the Fourier Parameter Fit (FPF) method, on QW Puppis (HD 55892) and
HD 139095. QW Puppis is a relatively bright (V=4.5 mag) star which was observed
from two sites, MJUO and SAAO (2008). Duncan Wright’s conclusion is that four
frequencies were found for QW Puppis which all appeared NRP-like: 2.1220 d−1, 2.038
d−1, 6.229 d−1 and 5.108 d−1. From the FPF results the best fitting modes were
` = 5± 3, m = 4± 2; ` = 6± 2, m = 4± 2; ` = 4± 2, m = 4± 2; ` > 0, m = 3± 2; for
the four frequencies respectively (Wright, 2008).
The analysis of HD 139095 (V=7.9 mag) suffered from a low number of observations
and a low signal (Wright, 2008). It was observed from a single site, MJUO. Four fre-
quencies were identified: 2.353 d−1, 9.560 d−1, 8.638 d−1 and 10.14 d−1. The attempts
to determine the modes of pulsation lack the confidence of the analysis of QW Puppis.
Only one result is given for the fourth frequency (10.14 d−1) with ` = 7± 1; m = 5± 2
(Pollard et al., 2008).
Table 1.1 lists the results of nine published articles about spectroscopic mode iden-
tification in γ Doradus stars. The amplitudes listed were obtained using different
techniques of photometry and spectroscopy, they are therefore not comparable from
one publication to another. They are only listed here to compare between frequencies
identified in a single publication.
1.7 Thesis outline
This thesis describes the complete analysis of one β Cephei star, PT Puppis, and
two γ Doradus stars, HD 189631 and AC Lepus, from the observations to the mode
identification.
Chapter 2 describes how the data was acquired, reduced and treated. The star
selection process is explained, the observing sites, telescopes and instruments are de-
scribed. An observing log is available. Details about the data reduction process and
continuum fitting are given.
Chapter 3 explains the methods used for the analysis of the data. The cross-
correlation technique, which allows an important increase of the signal-to-noise ratio of
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Table 1.1: Results of spectroscopic mode identification on γ Doradus stars from the
literature. The amplitudes listed can only be compared between frequencies identified in
the same publication.
Name # Frequency Amplitude ` |m| Method Ref.
γ Dor 1.32 d−1 25 mmag 3 3 Moment method Balona et al. (1996)
1.36 d−1 24 mmag 1 1
1.47 d−1 7.4 mmag 1 1
V398 Aur 0.79 d−1 A1 = 4 ·A2 3 1 Moment method Aerts (1996)
0.35 d−1 3 1 Moment method
V2118 Oph 1.23 d−1 18 mmag 2 2 Doppler imaging Hatzes (1998)
V372 Peg 0.37 d−1 2.3 km.s−1 2 2 Moment method Aerts and Kaye (2001)
CK Ind 1.13 d−1 38 mmag 1 1 Doppler imaging Handler et al. (2002)
2.30 d−1 28 mmag 1 1
V2121 Cyg 1.61 d−1 1.5 km.s−1 5± 1 4± 1 Doppler imaging Jankov
1.27 d−1 3.0 km.s−1 4± 1 3± 1 et al. (2006)
HR 2514 1.27 d−1 16 km.s−1 6± 1 Moment method & Uytterhoeven
1.48 d−1 12 km.s−1 5± 1 1± 1 Doppler imaging et al. (2008)
QW Pup 2.12 d−1 2.3 km.s−1 5± 3 4± 2 FPF method Wright (2008)
2.04 d−1 1.0 km.s−1 6± 2 4± 2
6.23 d−1 0.6 km.s−1 4± 2 4± 2
5.11 d−1 0.5 km.s−1 > 0 3± 2
NX Lup 2.35 d−1 1.4 km.s−1 2 1 FPF method Wright (2008)
HD 189631 1.67 d−1 1.6 km.s−1 1 1 FPF method Maisonneuve
1.42 d−1 1.4 km.s−1 3 2 et al. (2010)
0.07 d−1 1.2 km.s−1 2 2
1.82 d−1 1.0 km.s−1 4 1
AC Lep 0.75 d−1 1.2 km.s−1 2 1 FPF method Maisonneuve
1.09 d−1 1.2 km.s−1 3 3 et al. (2010)
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the data is described. Also included are descriptions of methods to determine v sin i and
the radial velocity of our targets. Four data sets are used for the frequency determina-
tion: the variations in equivalent width and radial velocity measurements (correspond-
ing to the 0th and 1st moments), the pixel-by-pixel frequency analysis (Mantegazza,
2000) and finally the variations of the asymmetry of the line profile (related to the 2nd
moment). For the mode identification, the Fourier Parameter Fit (FPF) method of
Zima (2006) is described and used.
The analysis of the 161 observations of the β Cephei star, PT Pup, obtained at
Mount John University Observatory (MJUO) is outlined in Chapter 4. A careful com-
parison of cross-correlated and non cross-correlated data is done and the justification
of cross-correlation is addressed in the case of β Cephei stars.
Chapter 5 presents the complete analysis of the 422 multi-site observations of the
γ Doradus star HD 189631, and Chapter 6 presents the analysis of 248 observations of
the γ Doradus star AC Lep, all obtained from MJUO. Chapters 5 and 6 have recently
appeared in a slightly different form as Maisonneuve et al. (2010).
Chapter 7 is a discussion of the results on these three stars and comments on the
mode identification method. It also compares the results with other similar analysis
found in the literature. Chapter 8 concludes the thesis and gives some direction for
future work in the challenging and exciting area of asteroseismology.
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Observations and data reduction
This chapter outlines the key elements of the strategy for the observational programme
and the data reduction techniques used.
2.1 Star selection
The stars to be studied must meet a certain number of requirements. First, they must be
bright enough in order to obtain good signal-to-noise spectra using the 1.0m telescope
and HERCULES spectrograph. An 8th magnitude star is a reasonable faint limit
considering the facilities available at the Mt John University Observatory (MJUO).
This rules out variable stars such as ZZ Ceti and sdB stars which at ∼13th magnitude
are too faint. Our targets should also be in the southern sky (declination < -10o) to
allow extended (6 to 8 hours) observations from our site, situated at a latitude of -43.9o
S.
Line profile variations (LPVs) are hard to detect if the target has a very low rota-
tional velocity, because then the spectral lines are not broad enough and the spectral
line profile cannot be sampled well enough. LPVs are also hard to detect if the target
has a very high rotational velocity. In this case the LPVs are smeared out in the very
broad lines. We thus restrict ourselves to targets with projected rotational velocities
(v sin i, where i is the inclination angle of the rotational axis of the star with respect
to our line of sight) of 20 to 75 km.s−1.
Other factors were looked at in star selection, such as the binarity of the targets.
A single star allows for an easier and quicker analysis of its data, since the orbital
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motion needs to be removed from the data of a binary star. Also the pulsation period
can be a problem if it is too close to 24 hours, as different parts of the pulsational
cycle need to be observed, and this can be problematic for pulsation periods close to 24
hours. Finally, as a requirement for this work, the exposure time for one observation
cannot be longer than 5% of the pulsation cycle of the target star. If it is longer then
the observation is smearing through a non-negligible part of the cycle and cannot be
considered a ”snapshot” of the pulsation. Since a signal-to-noise ratio over 100 is also
required, if a target has pulsation cycles over a short period then it must be bright to
allow for short exposures and still meet the signal-to-noise requirement. However the
pulsational period is not always accurately known before we perform our observations.
Only two types of variable stars have been considered for this work: β Cephei and
γ Doradus. About ten of each category fall in the above restrictions and only the
brightest have been observed. One γ Doradus star, AC Lepus, exhibits clear LPV and
has therefore been chosen as our main target. One β Cephei star, PT Pup, has been
chosen as our main β Cephei target, due to its brightness and its clear LPV. Five other
stars, four γ Doradus and one β Cephei, were observed sporadically as part of this
programme (see Table 2.1).
2.2 Observation sites and telescopes
MJUO - 1.0m McLellan Many observations for this thesis have been done using the
1.0m McLellan telescope at Mount John University Observatory (MJUO) at Tekapo,
New Zealand. The coordinates of MJUO are 43o 59’ S; 170o 28’ E, at an altitude of
1029 metres above sea level.
The optical design is a Dall-Kirkham Cassegrain and the telescope is on a traditional
asymmetric single-pier equatorial mounting (Hearnshaw, 2006).
La Silla - 3.6m and 2.2m Two telescopes were used in La Silla, Chile: the 3.6m
telescope equipped with the High Accuracy Radial velocity Planet Searcher (HARPS)
and the 2.2m Max Planck Gesellschaft ESO telescope equipped with the Fibre-fed
Extended Range Optical Spectrograph (FEROS). The site is at an altitude of 2400
metres above sea level. Its geographical location is: -29o 15’ S ; 70o 44’ W.
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The ESO 3.6m telescope was commissioned in 1977 and completely upgraded in
1999. In 2004 a new secondary mirror cell was manufactured, improving considerably
the image quality of the telescope, which is now better than 0.2 arcsec at zenith. The
telescope has a horseshoe/fork mounting. Since April 2008 HARPS, using the f/8
Cassegrain focus, is the only instrument available on the 3.6m.
The 2.2m telescope at La Silla is on indefinite loan to the European Southern
Observatory (ESO) from the Max Planck Gesellschaft. The telescope time is shared
between the Max Planck Institue and ESO observers. The telescope, a fork mounted
Ritchey-Chretien, was built by Zeiss and has been in operation at La Silla since 1984.
2.3 Spectroscopic instrumentation
HERCULES The High Efficiency and Resolution Canterbury University Large Echelle
Spectrograph (HERCULES) is the spectrograph of MJUO, built by Hearnshaw et al.
(2002) and in operation since April 2001. It allows stable, high-resolution, high-
precision spectroscopy for reasonably bright (V < 8) stars (Pollard et al., 2007). HER-
CULES receives light from the f/13.5 Cassegrain focus of the 1.0m McLellan telescope
via an optical fibre feed module.
The spectrograph is installed inside a vacuum tank in a thermally isolated environ-
ment. Radial velocities measurements have a precision of 10 m.s−1 (Hearnshaw et al.,
2003). Observations were made using the 100 µm fibre which allows for a resolving
power of 32,000. Other fibres giving different resolutions are also available.
HERCULES is equipped with a 600 Series Spectral Instruments CCD camera which
incorporates a Grade 2 Fairchild Imaging CCD486 chip with 4096 X 4096 pixels. Each
pixel is 15 µm2 in size and has a maximum ADU readout of 65,535. The full spectral
range for this spectrograph is from 3800 A˚ to 8800 A˚ spread over 105 e´chelle orders.
HARPS HARPS is the ESO spectrograph for the measurement of radial velocities
with the highest accuracy currently available. It is fibre-fed at the Cassegrain focus of
the 3.6m telescope in La Silla.
The instrument is built to obtain very high long term radial velocity accuracy, on
the order of 1 m.s−1 (Mayor et al., 2003). To achieve this goal, HARPS is designed as
an e´chelle spectrograph fed by a pair of fibres and optimised for mechanical stability.
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Table 2.1: Observing log from MJUO. List of all observations done for this project
from the MJUO site. After a period of selection of targets, efforts were concentrated
on AC Lep and PT Pup.
Star name Number of spectra Time span Variable type Vmag Coordinates (RA/DEC)
Primary targets epoch 2000.0
AC Lep 258 432 days γ Doradus 6.21 06:00:18 / -12:54:00
PT Pup 161 430 days β Cephei 5.69 07:36:41 / -19:42:08
HD 189631 43 382 days γ Doradus 7.54 20:02:40 / -41:25:03
Additional targets
HD 14940 11 22 days γ Doradus 6.67 02:24:09 / -16:15:15
HD 64365 16 102 days β Cephei 6.03 07:51:40 / -42:53:17
HD 65526 13 423 days γ Doradus 6.98 07:59:04 / -04:19:56
HD 135825 2 326 days γ Doradus 7.30 15:17:32 / -10:30:02
HD 139095 37 326 days γ Doradus 7.91 15:37:16 / -32:03:26
It is contained in a vacuum vessel to avoid spectral drift due to temperature and air
pressure variations. The temperature of the spectrograph is kept stable to better than
0.01 K over a year.
One of the two fibres collects the star light, while the second is used to either
record simultaneously a thorium-argon reference spectrum or the background sky. The
two HARPS fibres (object + sky or thorium-argon) have an aperture on the sky of
1.0 arcsec; this produces a resolving power of 115,000 for the spectrograph. Both
fibres are equipped with an image scrambler to provide a uniform spectrograph pupil
illumination. The spectral range covered is 3780 A˚ to 6910 A˚, distributed over the
e´chelle orders 89 to 161. As the detector consists of a mosaic of 2 CCDs (altogether
4k X 4k, 15 µm2 pixels), one spectral order (order 115, from 5300 A˚ to 5330 A˚) is lost
in the gap between the two chips.
FEROS FEROS is a bench-mounted fiber-linked e´chelle spectrograph. It is designed
to have a high resolution (R = 48, 000), high efficiency (20%), to be stable and versatile.
It provides in a single spectrogram almost complete spectral coverage from 3500 A˚ to
9200 A˚. The mechanical and thermal stability of FEROS allow for a precise wavelength
calibration based on daytime calibrations and for most purposes additional calibrations
during the night are not necessary, thus ensuring a high productivity in terms of the
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Table 2.2: Observing log from La Silla, Chile. In this thesis, all the data from La Silla
is for the γ Doradus star HD 189631, either with HARPS or FEROS.
Number of spectra Time span Instrument Observer
273 7 days HARPS Peter De Cat
56 8 days FEROS Luciano Mantegazza
23 10 days HARPS Ennio Poretti
25 4 days HARPS Juan-Carlos Sua´rez
scientific data produced. Although not intended as a “radial velocity machine”, pre-
cise radial velocity work is also possible, especially via the object-calibration mode.
Accuracies of 25 m.s−1 or better are obtainable (Kaufer et al., 2000).
Like HARPS, FEROS is fed by two fibres providing simultaneous spectra of the
target star and a calibration (either a celestial background, a wavelength calibration
lamp or a flat-field lamp). The fibres are illuminated via 2.0 arcsec apertures on the
sky separated by 2.9 arcmins. The spectral coverage is split over 39 e´chelle orders on
the detector. This detector is an EEV 2k X 4k, 15 µm2, pixel CCD.
2.4 List of observations
Several nights of observation were required to select the best targets for study and
to accumulate enough data for their analysis. Observations at Mt John took place
over two years. After an initial period of star selection, efforts were focused on the
primary targets: AC Lep and PT Pup. The observers were Florian Maisonneuve, Pam
Kilmartin and Karen Pollard. Table 2.1 is a summary of all observations done from
the MJUO site.
In the case of HD 189631, data from Chile was obtained under the Normal Pro-
gram 081.D-0610 (HARPS) and the Large Programs 178.D-0361 (FEROS) and 182.D-
0356 (HARPS). Access to this data was made possible by an international collaboration
with Peter De Cat at the Royal Observatory of Belgium (ROB) in Brussels, Belgium,
and Ennio Poretti at the Osservatorio Astronomico di Brera in Merate, Italy. The
observation list from La Silla, Chile, is presented in Table 2.2.
The julian date of each observation used for the analysis of PT Pup, AC Lep and
HD 189631 are listed in Appendix A.
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2.5 Observing procedure
Observing procedures were defined in order to obtain consistent data sets. To ensure
that the instruments remained stable from night to night, a few spectra of a radial
velocity standard star were taken per night. These standards were β Lep, β Aqr
and α Tra which have spectral types of, respectively, G5II, G0I and K2II. Very small
variability was observed in the radial velocity measurement from the spectra of these
stars.
For wavelength calibration, a thorium-argon image was taken at least every hour or
at each new position of the telescope. For the flat-field correction of the images and for
the order tracing, several (five to ten) flat fields were taken each night for HARPS and
FEROS, but not for HERCULES for which a standard, very high signal, flat field image
was produced. This unique image was used for the reduction of most observations taken
with HERCULES.
At MJUO, a fixed exposure time of ten minutes was chosen for AC Lep as this
approximately corresponds to a signal-to-noise ratio of 120. The data is considered to
be of good quality when the signal-to-noise ratio is over 100. HD 189631, being fainter,
was observed with an exposure time of twenty minutes. For PT Pup, which is much
brighter, exposures of five minutes were initially done. After the main frequency was
identified, exposures of ten minutes were done to benefit from a great signal-to-noise
ratio. Therefore a typical night at MJUO was designed as
• Position the telescope on β Lep (as a RV standard).
• Take one thorium-argon image.
• Take two observations of β Lep.
• Take one thorium-argon image.
• Position the telescope on the target star AC Lep.
• Take one thorium-argon image.
• Take two observations of AC Lep, ten minutes each.
• Position the telescope on the target star PT Pup.
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• Take one thorium-argon image.
• Take two observations of PT Pup, ten minutes each.
• Repeat steps 5 to 10 until dusk or until the stars are no longer visible.
• Take one thorium-argon image.
Using HARPS, observations of HD 189631 were done with an exposure time varying
from eight to twelve minutes depending on the seeing. All observations of HD 189631
using FEROS were done with an exposure time of ten minutes.
2.6 Data reduction
The data from MJUO was reduced using the computer program HRSP (Skuljan, 2004).
It consists of a set of standard reduction procedures configured specifically for the
HERCULES spectrograph. It begins by identifying the precise absolute position of
the observed images by comparing a thorium-argon calibration image to a reference
image. Then the bias, computed from an overscan strip on the image, is subtracted
from all frames. Next it locates the order positions using a flat field image, extracts
the flat field and normalizes it for calibrating the stellar image. Each spectral order
is extracted from the image and is divided by the flat field. Details on how the flat
field images were obtained for HERCULES are given in Appendix B. The thorium-
argon images taken before and after the stellar spectrum are compared to calculate
any shift in pixel position and the result is linearly interpolated to correspond with
the time of the stellar image’s observation. Wavelength calibration is computed from
a two dimensional polynomial fit to a large number of calibration lines taken from the
two thorium-argon images. Then the observational stellar data orders are extracted
and rebinned to a linear wavelength scale. Finally the heliocentric correction is applied
using the telescope coordinates and a flux-weighted mid-exposure time. It determines
the radial velocity shift due to earth’s movement around the sun and converts it in a
wavelength shift which is applied to the data.
For both HARPS and FEROS the data reduction was performed using two semi-
automated pipelines written by Monica Rainer (Rainer, 2003). Observations taken in
the framework of the ESO LP 178.D-0361 and LP 182.D-035 were aimed to extend the
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knowledge on the spectroscopic behaviour of γ Doradus stars, targets of the asteroseis-
mic programme of the photometric CoRoT mission.
2.7 Further treatment of the data
Removing cosmic rays In this work, to achieve a good signal to noise ratio, the
exposure time of observations can be as long as ten minutes (sometimes even more).
During this time, the CCD chip is being bombarded by many cosmic rays. The image is
therefore polluted with random spikes of photon counts. Many pixels of the CCD chip
do not belong to spectral orders, thus cosmic rays hitting these regions are ignored.
But they need to be removed from the observations when they hit a spectral order.
Although the data reduction takes this into account and removes the effect of cosmic
rays on the data, a few cosmic rays remain undetected by these routines, either because
they were too weak or located at an unfortunate position on the chip. For each data
set an additional cosmic ray filter was applied in the form of a median filter. The
median filter routine compares each pixel’s intensity with the mean of a range of pixels
on each of its sides. If this pixel intensity is above the mean by a multiple of standard
deviations of that set of pixel intensities, it is replaced by the median of the set. This
technique depends on two parameters:
• N , the number of pixels taken into account on each side of the considered pixel.
The default value of N is 20; and
• s, the number of standard deviations above the mean for which a pixel intensity
is considered to be a cosmic ray. The default value of s is 5.
Because the technique of median filtering can strongly alter the data, extreme care
was taken when choosing the parameters, N and s, of this median filter. A careful
visual comparison of the data was done before and after this process. The parameters
were optimized to preserve the true variations of the data and thus differ for each data
set.
Continuum fitting After reduction, the data is not ready yet for analysis. One
important step is to perform a continuum fitting or continuum normalization of the
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spectrum. It is the process of fitting the data in each e´chelle order so that the continuum
level in the stellar spectrum is always equal to unity.
Any process in which the data is altered manually can introduce uncertain results.
It is easy for the observer to makes changes to the data to reflect their expectations.
For our three target stars, where many observations are available, an inspection of the
mean spectrum after continuum fitting can be indicative of whether the continuum was
fitted well. The easiest way of removing any possibility of forcing the data to match
preconceptions is to remove the observer’s input and automate the continuum fitting
routine.
For HARPS and FEROS data, the continuum fitting was performed by Monica
Rainer using an automated routine. For HERCULES data the automated routine was
developed and tested by Wright (2008). It deals with each spectral order individually,
using a succession of 5th order least-squares polynomial fits. Between each successive
fit, outliers in the residuals are removed. In specific cases when the continuum fitting
of some orders is not satisfactory, a manual fitting must be performed.
Manual continuum fitting requires the observer to define, for a minimum of six
points, where the continuum level is for each order being fitted. Using cubic spline
interpolation, a line is fitted through the chosen points and this is taken as the contin-
uum fit. The spectral order is then divided by the fitted line. About thirty points were
chosen on average for this manual fit.
An example of continuum fitting is shown in Figure 2.1. It shows in green the raw
data prior to a division by the flat field, which is an intermediate step in the data
reduction process. After reduction is complete one can see, from the blue curve, that
continuum fitting is required. The continuum-fitted data, in red, has its continuum
equal to unity. Note that, as expected, the noise level is higher on the edges of the
e´chelle order where there is less signal.
Combining orders to form the complete spectrum Assuming that the contin-
uum fitting was successful on each order separately, the next task is to combine these
orders to form a complete spectrum. A single wavelength axis is defined, for instance
from 4000 A˚ to 8500 A˚ with a step size of 0.01 A˚ in the case of HERCULES data. Each
e´chelle order is rebinned to fit this unique axis.
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Figure 2.1: Continuum fitting. Example of a HERCULES observation of PT Pup, order
number 121, continuum fitted by an automated routine. Data prior to a division by the
flat field is shown in green. The data after flat-fielding but before continuum fitting is in
blue while the continuum fitted data is in red.
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The central part of a given spectral order covers a wavelength range which can
only be found in this order, whereas the data found in the wings is also present in the
adjacent order (either the previous or the next one). Thus the central parts are simply
copied over to the complete spectrum array, leaving gaps between each order. To fill the
gaps, data which is found in both adjacent orders is combined by a weighted function
determined by the number of photon counts in the flat-field. Priority is therefore
given to the order which has the best signal-to-noise ratio at a specific wavelength. For
instance, the intensity in a range between λmin and λmax, which is found both in orders
n and n+ 1, is defined by
Intensity(λ) = Intn(λ) ·Wnormn(λ) + Intn+1(λ) ·Wnormn+1(λ) (2.1)
where Intn(λ) is the intensity of the order n at wavelength λ and Wnormn and
Wnormn+1 are the normalized weights corresponding to orders n and n+1 respectively.
They are defined as
Wnormn(λ) =
Wn(λ)
max(Wn)
(2.2)
Wnormn+1(λ) =
Wn+1(λ)
max(Wn+1)
(2.3)
where
Wn(λ) =
FFintn(λ)
FFintn(λ) + FFintn+1(λ)
− FFintn(λmax)
FFintn(λmax) + FFintn+1(λmax)
(2.4)
Wn+1(λ) =
FFintn+1(λ)
FFintn(λ) + FFintn+1(λ)
− FFintn+1(λmin)
FFintn(λmin) + FFintn+1(λmin)
(2.5)
where FFintn(λ) is the intensity of the flat field of order n at wavelength λ.
The previous set of equations ensures that the following conditions are satisfied
Wn(λmin) = 1 Wn+1(λmin) = 0
Wn(λmax) = 0 Wn+1(λmax) = 1
and
Wn(λ) +Wn+1(λ) = 1 ∀ λ
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In this way the transition between two orders is as smooth as possible in the resulting
complete spectrum of the star. An inevitable increase in noise is found at regular
intervals corresponding to these transition regions between two orders, but these noise
peaks are kept to a minimum. The continuum fit is not affected by the combining of
e´chelle orders.
Combining data from different instruments Because the analysis of our data
is based on variations of a line profile (i.e. deviations from an average), the instru-
mental profile inherent in the data can be ignored if the data is obtained from a single
instrument. This is the case for PT Pup and AC Lep. However, for HD 189631, data
from different instruments is combined. In this case it is necessary that the three av-
erage spectra calculated independently for each instrument from all observations are
equivalent.
Out of 422 observations of HD 189631, 321 were obtained from HARPS, 56 from
FEROS and 45 from HERCULES. Assuming that enough observations were obtained
from each site, we consider that their averages must be equal and we rescaled the
average of observations from FEROS and HERCULES according to the average of
the observations from HARPS. This removes the instrumental profile of FEROS and
HERCULES and replaces it by the instrumental profile of HARPS.
The final step in the preparation of the HD 189631 data is to remove spectral
regions which are not covered by every spectrograph. We already know that the three
instruments cover different spectral ranges and an order is missing from the HARPS
data. Thus small parts of the data are lost in every set to define a single spectral
coverage common to all data sets. Only then can all observations of HD 189631 be
considered to form a single data set.
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Methods of analysis
In this chapter the chosen methods of analysis are explained. These include cross corre-
lation, which is a way of increasing line profiles’ signal-to-noise ratios, and the methods
of analysis of the spectral line profile in order to derive their projected rotational veloc-
ity, radial velocity, frequency of pulsations and the identification of the modes of these
pulsations.
3.1 Cross correlation
Successful spectroscopic mode identification relies on high signal-to-noise ratio data
which is well sampled in time. The analysis requires only a single line profile, but this
profile must be of high signal-to-noise and not blended with other stellar spectral lines.
In a stellar spectrum covering a large wavelength range, such as the spectra obtained for
this thesis, it is possible to combine data from different spectral lines to get a single line
profile with a much higher signal-to-noise ratio. This assumes that all spectral lines are
affected in the same manner by the pulsations of the star. This is done using a cross-
correlation technique explained in detail by Wright (2008) which we summarize here.
A synthetic spectrum is produced with the characteristics of the target star (effective
temperature, log g, metallicity), shifted by the radial velocity measured on the mean
spectrum of all observations. It can then be fitted to this mean spectrum, allowing
the depth of each individual line to vary. The rest wavelength and equivalent width
of each line in this modified synthetic spectrum are used to produce a delta function
at the position of the rest wavelength and with a height proportional to the equivalent
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width. This template of delta functions is then cross correlated with every observation,
producing a single line profile representative of the star at time of the observation. This
greatly increases the signal-to-noise ratio of the spectral line profile, as seen on Figure
3.1.
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Figure 3.1: Example of cross-correlation. The curves correspond to a single observation
of AC Lep. The red curve is the spectral line Ca I (6122 A˚) while the cross-correlated
profile is in blue. The signal-to-noise ratio is greatly improved by a cross-correlation.
Independent cross-correlations were performed on the HD 189631 data using either
all strong lines in the spectrum, or lines from specific species: Fe I, Fe II, Na I and
Ca I. For each of these five data sets, the mean profile and the standard deviation of
each pixel across the profile were computed. They are displayed on Figures 3.2 and
3.3. It can be seen that the line profile variations observed in each species are very
similar to the line profile variations observed on the global cross-correlation. They are
observed in the same parts of the lines and with similar amplitudes: three bumps, one
in each wing and a central one. The lines represent a large range of species of different
ionization and excitation potentials which are forming at different depths within the
star’s atmosphere.
Figure 3.4 shows the radial velocity variations in several individual spectral lines
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Figure 3.2: Cross-correlated profile of HD 189631. The mean and the standard deviation
of the cross-correlated line profiles of all observations are shown. The cross-correlation was
performed using all strong lines in the spectrum.
for AC Lep. It can be seen that the noise level can be high if a single line is used for
the analysis. In most cases the pulsations affect all lines in the same way, confirming
that the lines vary in phase. The exceptions are often due to a wrong determination of
the radial velocity due to a poor signal-to-noise observation.
These observations show that for our targets the pulsations affect all spectral lines
in the same way. This is the condition which allows us to use this technique. Works
on several γ Doradus stars could confirm whether this condition is fulfilled for every
member of the class.
3.2 Line profile variation (LPV)
The three target stars were investigated for LPV by examining the variations in their
spectral line profile, either a single strong and isolated line for PT Pup, or a cross-
correlated profile for HD 189631 and AC Lep. The following statistical tool was used
to determine the presence or not of LPVs: For a data set the standard deviation of
each pixel in the line profile is computed. Then the mean of these standard deviations
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Figure 3.3: Comparing the pulsational effects on different chemical species for HD 189631.
Mean cross-correlated line profiles and their standard deviations for Fe I (a), Fe II (b), Ca
I (c), Na I (d).
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Figure 3.4: Comparing the pulsational effects on different chemical species for AC Lep.
Radial velocity variations in km.s−1 are plotted for seven different spectral lines, from top
to bottom: Ca I (6122 A˚), Fe I (5302 A˚), Fe I (5367 A˚), Ca I (5582 A˚), Ca I (5857 A˚), Si
II (6347 A˚), Fe II (6456 A˚). Vertical lines delimit the nights of observation. Variations are
plotted versus observation number.
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is taken across the profile. This is equal to 0.0285 for PT Pup, 0.0098 for HD 189631
and 0.0076 for AC Lep. By further examining the mean standard deviation across the
profile for small subsets of the observations of HD 189631 and AC Lep, a conservative
threshold of 0.0050 was chosen as the lower limit for the presence of LPVs.
For each of them, five to ten observations are enough to show without a doubt that
there is LPV. Figures of LPV for our three targets are in their associated chapters. We
also observed LPV in our alternative targets HD 64365 and HD 65526.
3.3 v sin i
The value of v sin i for each target was determined by two methods: The Fourier first
minima method and the rotationally-broadened Gaussian method, both described by
Gray (2005) and used by Wright (2008). In the following subsections, these methods,
and their applications, are described in more detail.
3.3.1 Fourier minima method
This method compares the Fourier transform of a line profile with the Fourier transform
of an artificial Gaussian broadened by the rotational velocity. Wright (2008) showed
that the measurement of v sin i by this method is independent of the chosen full
width at half maximum (FWHM) for the Gaussian profile. However the value of the
v sin i chosen to broaden the synthetic Gaussian profile has a small effect if its value is
extremely low or high. It is set to be equal to 20 km.s−1, which Wright (2008) shows
to be leading to good results.
Figure 3.5 shows the Fourier transforms of a synthetically broadened Gaussian and
of a real cross-correlated spectral line profile, in this case HD 189631. A broader
spectral line will lower the frequency of the first minima on the abscissa, which is the
only measurement necessary to make. To determine the value of v sin i, the ratio of the
positions of the first minimum on the abscissa between the observed and the theoretical
profile is examined. By multiplying this ratio by the v sin i of the theoretical profile,
the v sin i of the observed line is obtained. This can be written as
v sin i =
Minimumtheo
Minimumobs
· v sin itheo (3.1)
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where Minimumtheo and Minimumobs are the positions of the first minima along the
abscissa for the theoretical and the observed lines respectively. In the example of
Figure 3.5, v sin i for HD 189631 is measured to be 43.5 km.s−1.
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Figure 3.5: Measurement of v sin i using the Fourier minima method. (a) A log-log plot
of the Fourier transform of a synthetic line with v sin i = 20 km.s−1. The position of the
first minimum is indicated by a green vertical line. (b) The Fourier transform of a real
cross-correlated profile, in black, is superimposed and the position of its first minimum is
indicated.
Since the noise in the Fourier domain is limited to higher frequencies, broad profiles,
and hence high values of v sin i, can be more easily measured because the noise is not
present in the area of measurement. For this reason, this method is effective only for
lines with v sin i ≥ 15 km.s−1.
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3.3.2 Broadened Gaussian method
This method is a direct least-squares fitting of the convolution of a Gaussian profile
with the broadening function of Gray (2005). This is implemented as
G =
2(1− )√1− (λ · c/(λ0 · v sin i))2 + Π·2 [1− (λ · c/(λ0 · v sin i))2]
Π·λ·v sin i
c (1− 3)
(3.2)
and the full profile is represented by
e(
λ
w
)2 ∗G for G > 0. (3.3)
In these equations G is the broadening curve,  is the limb-darkening coefficient, λ is
the linear vector of wavelengths that describe the line profile, c is the speed of light, λ0
is the rest wavelength of the line, v sin i is the projected rotational velocity, w is the
width parameter of the Gaussian and * represents convolution. A graphical example
of this method is shown on Figure 3.6.
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Figure 3.6: v sin i determination using the broadened Gaussian method. In this example
the broadened Gaussian fits very well the data of HD 189631.
The resulting broadened line profile is fixed to the same depth as the input line
profile to be fitted. The broadening function requires a wavelength as input. For an
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isolated spectral line the rest wavelength is used. For a cross-correlated profile we take
the centre of the region used to create it. The free parameters fitted are the width
of the Gaussian and the v sin i of the broadening function. In this way the Gaussian
can represent the spectrograph’s response function and the broadening of the star’s
line profile by various broadening mechanisms. If the instrumental profile has been
removed it will only represent the line broadening mechanisms. Because there is no
optimization of any vertical shift the continuum fitting is critical. For this reason a
continuum fitting to our cross-correlated profiles was sometimes performed to correct
small imperfections before using this method. Only the core of the line profile is used
for the fit because the true line broadening is better represented by a Voigt profile than
a Gaussian. They differ in their shape mostly in the line wings. The core of a given
line profile is defined here by the deeper part of the profile up to 80 % of its depth.
This method is appropriate for almost every possible value of v sin i. It only fails in the
case of hot stars with extremely low rotational velocity where the star’s lines (mostly
H, He) are broadened by other mechanisms than rotation.
3.4 Radial velocity
We used the bisector method to determine the radial velocity at different depths in the
cross-correlated spectral line. Gray (1988) describes this method as the best way to
describe the asymmetry. The line bisector consists of the midpoints of horizontal line
segments extending across the line profile.
The average line profile for a given star can be asymmetric; thus looking at different
depths in the spectral line will yield different results. We used the value measured at
50% of the line depth to define the radial velocity. Figure 3.7 is an example of radial
velocity determination using the bisector method. The line bisector values at 50% and
90% were used to compute a slope which we denote as the line profile asymmetry pa-
rameter (LPAP), representing the asymmetry in the line. In the next section, variations
in the LPAP data set are used to investigate pulsation frequencies.
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Figure 3.7: Radial velocity determination by the bisector method. The vertical line is
the bisector of the spectral line of Si III (4552 A˚) for PT Pup. The symbols are situated
at 50 % and 90 % of the line depth.
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3.5 Frequency analysis
The FAMIAS software (Frequency Analysis and Mode Identification for Asteroseismol-
ogy) was developed by Zima (2008). It is a package of several tools for the analysis of
photometric and spectroscopic time-series data.
Within the FAMIAS package a discrete Fourier transform is computed to search
for periodicities in data sets. This can be done for a time series of a single variable,
for instance moments, equivalent widths, radial velocities, photometric magnitudes or
other variables, or for a time-series of spectra (in this case, two-dimensional data) for
which we use a pixel-by-pixel frequency search averaged over the whole line profile.
SigSpec (Reegen, 2007) was also adopted for the frequency analysis. SigSpec iden-
tifies the most significant frequency based on its “spectral significance”, then searches
for further frequencies after prewhitening the data. This is repeated until a “spectral
significance” threshold is reached. The evaluation of the “spectral significance” is based
on an analytical solution of the probability that a discrete Fourier transform peak of
a given amplitude does not arise from white noise. The underlying probability density
function of the amplitude spectrum generated by white noise is evaluated. From this, a
false-alarm probability can be calculated for each frequency. The spectral significance
is the inverse of the false-alarm probability scaled logarithmically. In this way, a peak
identified with a significance of 10 means that it has a probability of 10−10 of being
produced by white noise. SigSpec is only used to identify frequencies in the equivalent
width, radial velocity and LPAP data because it can only treat mono-dimensional data.
The default value for the spectral significance threshold is 5.46 but more conser-
vative thresholds were adopted because a great degree of confidence is required in the
frequency determination to perform a mode identification. For instance, thresholds of
15 and 10 were used respectively for HD 189631 and AC Lep.
For each method the frequency content was determined by following a typical
prewhitening procedure:
1. Examine the highest peaks in the Fourier transform of the data.
2. Select the highest peak.
3. Remove the frequency by subtracting a least-squares fit to the data.
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4. Examine highest peaks in the Fourier transform of the residual data.
5. Select the highest peak that is not caused by aliasing patterns.
6. Remove all the selected frequencies simultaneously by subtracting a multi-frequency
least-squares fit to the original data (the data before removal of any frequencies).
7. Repeat steps 4 to 6 until no more significant frequencies remain.
The significance of frequencies is determined by the spectral significance criterion de-
fined in SigSpec. It can vary depending on which star is being analyzed.
3.5.1 Uncertainties in frequency determination
We evaluate uncertainties in our frequency determinations by using the technique of
Kallinger et al. (2008). Based on extensive simulations, those authors find that the
frequency errors are overestimated when using the classical Fourier criterion, which
uses the Rayleigh frequency resolution (T−1), defined by the total time base of the data
set. They propose instead a formula already proposed by Montgomery and Odonoghue
(1999):
σ(f) =
1
T ∗√sig(a) (3.4)
where σ(f) is the error in frequency; T is the time base of the observations in days and
sig(a) denotes the spectral significance of an individual frequency with amplitude a.
This last quantity, described in the previous page, is calculated by the SigSpec software.
3.5.2 Moment variations
As described by Balona (1986), the nth moment of a continuous frequency distribution
f(x) with respect to the origin is defined as
Mn =
∫ ∞
−∞
xnf(x)dx (3.5)
In the case of a line profile, x represents the wavelength λ and
f(λ) = 1− I(λ) (3.6)
40
3.5 Frequency analysis
where I(λ) is the normalized flux value. A simplification of Equation 3.5 can be done
for the 0th and the 1st moments which correspond respectively to the equivalent width
(EW) and the radial velocity (RV) of the line profile,
M0 = EW =
n∑
i=1
(1− Ii)∆xi (3.7)
and
M1 = RV =
∑n
i=1(1− Ii)(xi − x0)∆xi∑n
i=1(1− Ii)∆xi
. (3.8)
In the above equations, Ii is the normalized flux measured at wavelength pixel λi,
∆xi = xi−xi−1 and xi is the velocity corresponding to λi with respect to the laboratory
wavelength λ0. This defines the radial velocity as the line centroid, as stated by Aerts
et al. (2004b). The variations of both of these parameters are investigated in this thesis.
For non-radial pulsations, equivalent width variations are indicative of temperature
and brightness changes occurring in the stellar atmosphere. In such cases the variations
should occur at the pulsation frequencies present in that star. Therefore the variation
of equivalent width in the line profile for each target star is analyzed and the resulting
frequencies and their associated amplitudes discussed.
For low to moderate degree (` < 5) modes, the LPVs can be detected as velocity
variations. Because this measurement is made over the whole spectral line it is inte-
grating across the entire stellar surface. For this reason it is similar to photometry
which can only detect lower degree modes due to the geometrical cancellation effects
present in higher degree modes.
For both the EW and RV determination, a fixed range of velocities, centred on the
line profile, was considered. It needs to be sufficiently large to encompass the whole line
profile through all of its variations. A poor continuum fit can affect both the EW and
RV determination so it is important that the continuum fitting is done very carefully.
3.5.3 Pixel-by-pixel variations
The pixel-by-pixel method is a two-dimensional method described by Mantegazza (2000).
The normalized intensity variation of every single pixel in the line profile is analyzed
as a time series and a Fourier spectrum produced for each. An average of these Fourier
spectra is then taken.
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Figure 3.8 shows an example of this method applied to the first frequency of PT Pup.
Looking for frequencies in each pixel allows one to observe in which part of the line
profile a pulsation frequency is occurring. In this case it can clearly be seen that the
pulsation is much stronger in the wings than in the centre of the line, as shown by the
fact that the standard deviation of each pixel across the profile (green), representing
the amplitude variations from the mean line profile (blue) is largest in the wings.
Figure 3.8: Frequency determination using the pixel-by-pixel method. The top panel
shows the mean line profile and its amplitude variations. The central panel is showing all
of the Fourier transforms computed for the variations of intensity in each pixel. Clear areas
correspond to peaks while black zones are close to zero. An average of all these Fourier
transforms is taken and displayed on the right panel.
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To prewhiten the data by the identified frequencies, the phase and amplitude of
the least-squares fit across the profile were determined. These phase and amplitude
variations are later used by the Fourier Parameter Fit (FPF) method for the mode
identification. The errors for the phase and amplitude across the profile are based on
the residual of the final multi-frequency fit to the data.
The pixel-by-pixel frequency analysis method is appropriate for lines of moderate
to high v sin i where the variation in the line profile is spread over a relatively large
wavelength range and therefore a large number of pixels. The method is more sensitive
to higher degree ` modes than are frequencies extracted from the velocity measurements
of a line profile (Mantegazza, 2000).
3.5.4 Asymmetry of the line profile
As stated in section 3.4 when investigating the radial velocity by the bisector method,
the slope of the bisector was calculated to represent the asymmetry in the line profile.
This is referred to as the line profile asymmetry parameter (LPAP). It is the slope of
a straight line between two points on the bisector of the line, at 50% and 90% of line
depth, given by:
LPAP =
v90 − v50
0.9− 0.5 (3.9)
where v90 and v50 are the radial velocities of the bisector measured at 90% and 50%
of the line depth respectively. The LPAP computed for each observation forms a new
data set which we can analyze.
The LPAP is a new diagnostic tool invented in this thesis. This method is inde-
pendent of the wavelength, the velocity shift and the flux of the line considered and,
contrary to previous methods, does not require a preselected wavelength range. The
amplitude of the variations are proportional to the v sin i of the star, but amplitudes
of pulsations vary greatly from star to star so we cannot use this as an estimation of
v sin i.
As for mode identification, this method cannot detect axisymmetric (m = 0) modes.
This, of course, includes the radial mode. Because of the symmetric nature of axisym-
metric (m = 0) modes, the asymmetry of the line profile is not affected. Observing
strong variations in the LPAP is therefore an indication of a pulsation where ` > 0 and
m > 0.
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3.6 Mode identification
To find the pulsational modes of the targeted stars, we use the Fourier Parameter Fit
(FPF) method developed by Zima (2006), within the FAMIAS software package. It
relies on a direct fit to the three Fourier parameters: zero point, amplitude and phase
across the line profile. These are displayed in Figure 3.9 for the particular case of
the primary pulsation in AC Lep. The uncertainties in the derived parameters are
determined from the residual variations in the prewhitened data.
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Figure 3.9: Fourier parameters for the primary pulsation of AC Lep. From top to bottom:
the zero-point profile, the amplitude (both in normalized intensity) and the phase across
the profile (dimensionless). The data is in blue, surrounded by its uncertainty ranges in
green.
The various fits attempted are models which differ by their non-radial wavenumbers,
` and m, but also by the amplitude and phase of the variations. In order to improve
the fit, other parameters are allowed to vary, such as stellar characteristics (stellar mass
and radius, effective temperature, inclination angle, v sin i, [Fe/H]) and spectral line
characteristics (equivalent width, intrinsic width, radial velocity shift). The goodness
of the fit is determined by a reduced χ2 value calculated from the three fits combined.
However, the zero-point fit dominates the other two in the evaluation of the χ2. Since
our data can show an asymmetry in the line profile, and because the program only fits
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symmetric lines, the zero-point fit is never excellent. For that reason we ignore this fit
to concentrate on the amplitude and phase fits.
The radius, the effective temperature and metallicity of the star have negligible ef-
fects on our mode identification. The equivalent width of the spectral line is evaluated
from the cross-correlated spectral line and thus has the units of km.s−1. Its determi-
nation is very precise and so it is not allowed to vary in order to identify the mode of
pulsation. However the v sin i, radial velocity and intrinsic width (σ) are allowed to
vary. The stellar mass and the gravity at the surface affect the vertical-to-horizontal
ratio of the pulsations, thus producing g-mode behaviour (horizontal movement, i.e.
parallel to the surface) or p-mode behaviour (vertical movement, i.e. perpendicular to
the surface).
In summary, this chapter has described the tools that we need to carry out the
analysis of our three target stars. The β Cephei star, PT Pup, is analyzed first in
Chapter 4, and the two γ Doradus stars, HD 189631 (Chapter 5) and AC Lep (Chapter
6), are then analyzed in that order.
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Chapter 4
PT Puppis
PT Puppis is also named HR 2928, HIP 37036 or HD 61068. With its coordinates
(RA: 07 36 41; DEC: -19 42 08; epoch = 2000) it can be seen in summer in the
southern hemisphere. Shobbrook (1981) observed it and classified it as a β Cephei
star, detecting two pulsations. Several other studies have been made on this star, of
which Stankov and Handler (2005) summarizes all previous studies and Hubrig et al.
(2009) provides a list of basic properties.
4.1 Observations
A total of 161 spectra were obtained for this star, all taken from MJUO by Flo-
rian Maisonneuve and Pam Kilmartin. Figure 4.1 is a histogram showing a complete
overview of the observing sessions of PT Pup. An initial set of observations in 2007/8
(17 spectra) collected a few spectra of various potential targets. After selecting this
star as a main target, a dedicated observing campaign was designed for the following
year (2008/9) where most of the data (144 spectra) were taken.
4.2 Properties
Lefe`vre et al. (2009) report a spectral type of B 2 II for PT Pup. It has a visual
magnitude of 5.69 mag. Estimates of the effective temperature, mass, radius and log g
can be found in the literature and are listed by Hubrig et al. (2009):
• Teff = 23800± 1100 K (Napiwotzki et al., 1993)
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Figure 4.1: Full data sampling for PT Pup. The complete data set of PT Pup is repre-
sented on this histogram. The dates shown are JD-2450000.
• M = 10.1± 0.8 M
• R = 5.4± 0.9 R
• log g = 4.0± 0.2
4.2.1 Overview of spectrum
In Figure 4.2 the complete spectrum of PT Pup is shown, obtained by taking the mean
of all 161 observations. The most important spectral lines are identified and listed in
Table 4.1.
When working on hot stars like β Cephei variables, previous studies done by Aerts
et al. (2003), Aerts et al. (2004b), Telting et al. (2006) or Wright (2008) usually use
strong isolated lines for their analysis. These objects are bright and in general very good
signal to noise data are obtained, thus cross-correlation is not needed. Furthermore,
Wright (2008) found that lines produced by different species can vary out of phase, but
with the same frequency.
The identification of all strong lines in the spectrum of PT Pup shows the possibil-
ities for any subsequent analysis. Note that many O II and N II lines are present. The
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cross-correlation of these were undertaken separately, isolating the species in case they
do not pulsate in phase. Table 4.1 lists the ionization and excitation potentials for each
spectral line, giving some indication of the relative depth at which they are forming.
Figure 4.2: Average spectrum of PT Pup. The full spectrum is divided into five sections
of 500 A˚ each, starting at 4000 A˚ and finishing at 6500 A˚.
4.2.2 Line profile variation
After just a few spectroscopic observations of PT Pup the line profile variation (LPV)
was very prominent. Figure 4.3 shows the Si III line at 4552 A˚ extracted from all of
our 161 observations, together with the mean of all observations. The shape of the line
doesn’t seem to be much affected by the pulsation while its radial velocity is changing
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Table 4.1: Spectrum of PT Pup - List of strong spectral lines in PT Pup
Species IP (eV) λ (A˚) EP (eV) λ (A˚) EP (eV) λ (A˚) EP (eV) λ (A˚) EP (eV)
H I 13.6 4102 10.15 4340 10.15 4861 10.15 6563 10.15
He I 4009 21.13 4026 20.87 4121 20.87 4144 21.13
4169 21.13 4388 21.13 4438 21.13 4471 20.87
4713 20.87 4922 21.13 5016 20.53 5048 21.13
5876 20.87 6678 21.13
C II 11.26 4267 17.97 5890 17.97 5892 17.97 6578 14.39
6583 14.39
C III 24.38 4647 29.39
N II 14.53 4237 23.14 4242 23.14 4530 23.37 4601 18.39
4607 18.38 4614 18.39 4621 18.39 4631 18.40
4643 18.40 5001 20.56 5005 20.58 5045 18.40
5667 18.39 5676 18.38 5680 18.40 5711 18.40
5932 21.06 5942 21.07 6482 18.42
O II 13.62 4070 25.53 4072 25.54 4076 25.55 4089 28.58
4119 25.74 4153 25.73 4185 28.24 4190 28.24
4317 23.32 4320 22.88 4346 22.88 4347 25.55
4349 22.90 4351 25.55 4367 22.90 4415 23.34
4417 23.32 4591 25.55 4596 25.55 4610 28.94
4639 22.87 4642 22.88 4649 22.90 4651 22.87
4662 22.88 4676 22.90 4699 26.11 4705 26.14
4925 26.19 4943 26.45
Ne I 6402 16.55
Mg II 7.65 4481 8.83
Al III 18.83 4529 17.74 5696 15.57 5723 15.57
Si III 16.35 4553 18.92 4568 18.92 4575 18.92 4820 25.86
4829 25.86 5740 19.64
S II 10.36 4254 14.01
S III 23.33 4254 18.17
Fe III 16.18 4165 20.54 5834 18.43
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with a large (≈ 25 km.s−1) amplitude. This is indicative of a low degree pulsation.
The line profile variations are represented in a colour plot on Figure 4.4 where the
mean of all observations has been subtracted from each individual spectral observation
of this line.
Figure 4.3: Variation of the spectral line of PT Pup. The Si III line at 4552 A˚ taken
from 161 observations of PT Pup is found strongly varying. The mean of all observations
is shown in red.
4.2.3 v sin i
This star has a very low rotational velocity which makes its exact determination dif-
ficult. Abt et al. (2002) measured v sin i = 10 ± 9 km.s−1 using an averaged value
between the He I line at 4471 A˚ and the Mg II line at 4481 A˚ from a single spectrum.
Both our methods to determine v sin i failed on this star. The velocity is too low
to have a big impact of the broadening of the spectral line, which is necessary for its
measurement. The line is therefore broadened mostly by thermal broadening effects.
4.2.4 Radial velocity
In his compilation of radial velocity for 35495 stars, Gontcharov (2006) reports a radial
velocity of 22.0± 4.3 km.s−1 for this object. We use the bisector method and measure
the radial velocity at 50% of the line depth to find a value of 25.8 ± 0.3 km.s−1. Our
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Figure 4.4: Line profile variation of PT Pup. This colour plot shows the residuals of the
Si III spectral line from all observations after subtraction of the mean.
measurement was done on the Si III line at 4552 A˚ as it is strong and well isolated.
Figure 4.5 shows the Si III spectral line averaged over our 161 observations. The
radial velocity measured at different depths of the spectral line are listed in Table
4.2. From these data we can note a very small asymmetry with the lower part of
the line being skewed towards lower velocities, i.e. towards the blue. The line profile
asymmetry parameter (LPAP) representing this asymmetry from 50% to 90% depth is
−0.25 km.s−1. This is expected as only a perfect sampling of all the pulsations would
give a value of 0 km.s−1.
4.3 Frequency analysis
In order to analyze the Fourier frequency graphs the spectral window was calculated
(Figure 4.6). A spectral window shows which aliasing peaks will be enhanced due to
the data sampling. Since all of our observations for this star were taken from a single
site (MJUO), it is expected to see strong aliasing patterns at ± 1, ± 2 days around the
true frequency(ies).
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Figure 4.5: The mean of 161 observations of the Si III line at 4552 A˚in PT Pup. The
central line is its bisector. The two symbols are situated at 50% and 90% of the line depth.
Table 4.2: Radial velocity measured at different depths of the mean Si III spectral line
for PT Pup.
Line depth (in %) Velocity (km.s−1)
20 25.90
30 25.85
40 25.80
50 25.77
60 25.74
70 25.72
80 25.70
90 25.67
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The other strong peaks seen in the spectral window are very close to the true
frequency. Figure 4.7 shows the spectral window within ±0.2 d−1 centered around
zero.
Figure 4.6: Spectral window for PT Pup. It is showing the expected aliasing pattern due
to our data sampling.
4.3.1 Photometric frequency analysis
Heynderickx (1992) reports two pulsation frequencies : f1 = 6.01016±0.00001 d−1 and
f2 = 6.06352 ± 0.00002 d−1 while noting aliasing problems in his frequency determi-
nations. We also encountered aliasing problems when analyzing the first group of our
spectroscopic data (about 60 observations).
The Hipparcos data for this star was analyzed by Koen and Eyer (2002) and by
Lefe`vre et al. (2009). They do not confirm the periodicities listed by Heynderickx
(1992). Using 138 photometric observations, Koen and Eyer (2002) identify a primary
frequency at f = 5.51115 d−1, while Lefe`vre et al. (2009) identify the primary frequency
at f = 0.9515 d−1.
4.3.2 SiIII at 4552 A˚
This line was chosen for our analysis because it is a strong, single and well isolated line.
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Figure 4.7: Enlarged version of the spectral window for PT Pup. Secondary peaks will
be found near the true frequency. The vertical red line corresponds to the location of the
possible secondary frequency.
4.3.2.1 Equivalent width frequency analysis
The equivalent width analysis shows no significant periodic variations (Figure 4.8).
Although the primary frequency is very strong, it has no significant effect on the equiv-
alent width. Higher peaks near zero in the amplitude spectrum suggest a slow drift
in the measured equivalent width over time. To investigate this further we show the
complete data set of equivalent widths on Figure 4.9. Some variations are present but
the Fourier analysis fails to determine any periodicities in this data. A long slow drift
is arguably present, but it has a low amplitude which is well below the other variations
in the data. Our method of measuring the equivalent width is not precise enough to
draw any conclusions on this hypothetical long drift.
4.3.2.2 Radial velocity frequency analysis
Analyzing the variations of the radial velocity measured in Si III gives the primary
frequency f1 = 6.07432 d
−1 (Figure 4.10), with an amplitude of 4.38 km.s−1. This
frequency is very strong and corresponds to the secondary frequency of Heynderickx
(1992). It is dominating other frequencies to such an extent that the top panel of Figure
4.10 is comparable to the spectral window seen in Figure 4.6. After prewhitening the
radial velocity data with the first frequency, a second frequency at f2 = 5.99375 d
−1 is
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Figure 4.8: Fourier analysis of the variation in equivalent width of the spectral line Si III
at 4552 A˚in PT Pup. No frequencies can be identified from this analysis. The peak at one
cycle per day is expected. It is due to our data being from a single site.
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Figure 4.9: Variation of the equivalent width of the spectral line Si III at 4552 A˚in
PT Pup. The complete data set is represented.
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identified. It has a much lower amplitude (1.88 km.s−1) and is found at the detection
limit. It could correspond to the primary frequency found by Heynderickx (1992). It
is interesting to note that this author suggests some amplitude variability in the data.
After removing f2, no other frequencies can be found.
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Figure 4.10: Fourier analysis of the variation in radial velocity of the spectral line Si III
at 4552 A˚in PT Pup. (a) The primary frequency is clearly identified at f1 = 6.0743 d
−1.
(b) After prewhitening with f1 a secondary frequency at f2 = 5.9937 d
−1 is identified. (c)
Shows the noise floor. The red line represents our limit of detection.
Figure 4.11 shows the data phased on f1 and f2 with their respective fits. The fit
to the primary pulsation explains 63% of the variations. After prewhitening the data
and phasing it on the secondary frequency the amplitude of the variation is much lower
than for the primary. Fitting both frequencies to our data set accounts for 69% of the
radial velocity variations.
4.3.2.3 Pixel-by-pixel frequency analysis
The pixel-by-pixel frequency analysis confirms the frequencies found previously, namely
f1 = 6.07432 d
−1 and f2 = 5.9938 d−1 (Figure 4.12). Once again the amplitude of the
variation is much higher for the primary than for the secondary pulsation.
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Figure 4.11: Radial velocity variations of PT Pup phased on f1 and f2. (top) Radial
velocity variations observed in Si III at 4552 A˚ phased on f1 = 6.0743 d
−1. The fit is shown
by the red line. (bottom) After prewhitening with f1 the data is rephased on f2 = 5.9937.
The amplitude of pulsation is significantly lower than for the primary frequency.
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The pixel-by-pixel method is fitting a different pulsational amplitude to each pixel
independently. It also recognizes that all pixels are not pulsating in phase. Therefore
computing a phase across the profile represents the phase shift between different parts
of the line profile. In Figure 4.13 the line profile variations are shown after removing
the mean of all observations phased on the primary frequency. A strong beat pattern
is visible, indicative of a low degree mode. The amplitude and phase across the profile
derived from the data can be used to produce a fit shown on the top right panel of
Figure 4.13. This fit accounts for 54% of the variations observed in our data set.
Prewhitening the data with the first frequency is equivalent to subtracting the top
right panel (b) of Figure 4.13 from its top left panel (a). Re-phasing this prewhitened
data on the secondary frequency produces the lower part of Figure 4.13, on which one
can see another beat pattern, but not as clear as for the first pulsation. The amplitude
of variation is also smaller by a factor of 2.5 compared to the first pulsation. This
can be seen on the right hand side of the figures where the scale of the amplitudes are
displayed on the colour bars. Once again a fit can be produced using the amplitude
and phase across the profile which is displayed on the bottom right panel of Figure
4.13. Using the fits to both frequencies explains 56% of the observed variations, which
underlines some uncertainty in the detection of f2, since f1 alone could explain 54% of
the variations.
4.3.2.4 Investigating the asymmetry in the line profile
The LPAP was computed for each observation and its variations were analyzed. The
LPAP is a representation of the asymmetry of the spectral line. It seems that the
pulsations do not affect the asymmetry of the line as much as they affect the radial
velocity, since the amplitudes of variations observed are quite low. This is indicative of
a low degree mode, possibly an axisymmetric mode.
Figure 4.14 shows the frequency spectrum, in which the primary frequency is at
f1 = 6.0274 d
−1. After prewhitening, a peak may be detectable at the location of the
identified secondary frequency (observed in the radial velocity data and found with the
pixel-by-pixel frequency determination) but it is under our detection threshold.
In Figure 4.15 each observations has been phased on f1 = 6.0274 d
−1 and fitted to
the data. This fit accounts for 21% of the variations of the LPAP in the data set.
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Figure 4.12: Fourier analysis for PT Pup using the pixel-by-pixel method. (top) The
primary frequency is again clearly identified. The top panel shows the mean Si III line
and its amplitude variation, the central panel shows the two dimensional Fourier analysis
and the right panel is an average of this two dimensional data, showing the strong peak
of the primary frequency f1 = 6.0743 d
−1.. (bottom) After prewhitening the data for the
primary frequency we detect a secondary frequency at f2 = 5.9938 d
−1.
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Figure 4.13: Phased line profile variation (LPV) data for PT Pup. (a) Line profile
variations observed in Si III at 4552 A˚ phased on f1 = 6.0743 d
−1. A clear beating pattern
is visible, indicative of a strong pulsation. (b) A least-squares fit to the data with the
amplitudes and phases across the profile derived for f1 for each pixel in the line profile.
The average line profile has been subtracted from all observations. (c) Line profile variation
observed in PT Pup after prewhitening with f1 and phased on f2 = 5.9938 d
−1. (d) A
least-squares fit to the data with the amplitudes and phases across the profile derived for
f2. The average line profile has been subtracted from all observations.
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Figure 4.14: Fourier analysis of the variations in the line profile asymmetry parameter
(LPAP) for PT Pup. (a) Identification of the primary frequency, f1 = 6.0274 d
−1. (b)
After prewhitening for f1 the amplitude spectrum is below the noise floor (solid line).
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Figure 4.15: Values of the LPAP for each observation of PT Pup phased on f1. The
continuous red line is a fit to the data.
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4.3.3 Other lines and cross correlated result
All the previous work has been done on a single line, but it is important to perform
the same analysis on other spectral lines. Two frequently chosen lines for analysis are
He I lines at 4713 A˚ and 5876 A˚ . Two other lines from Table 4.1 were also selected
due to their extremely different ionization potentials (IP): Mg II (4481 A˚) with a low
IP of 7.35 eV and C III (4647 A˚) with a high IP of 24.38 eV. There are many lines of
O II and N II and so an independent cross-correlation was performed on both of these
species, using respectively 137 and 98 spectral lines.
Figure 4.16 is a plot of the radial velocities measured for each of these species over
a single night containing 14 observations of PT Pup. The low signal of the Mg II and
especially the C III lines can cause the measure of the radial velocity to be wrong,
producing a few outliers. This figure proves that all lines, from weak to strong, from
low to high ionization potential, are affected by the same pulsation and are in phase.
This is a prerequisite to any further cross-correlation. A full cross-correlation was then
preformed and the data set produced can be analyzed together with the other data sets
for each line or species.
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Figure 4.16: Radial velocities of different species for PT Pup.. All the spectral lines are
varying in phase and with comparable amplitudes.
Table 4.3 lists the results of all our analysis on each species. An obvious conclusion
from this table is that all the lines vary with the same frequencies. The main frequency
is always very strong while the secondary frequency cannot always be detected. It
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is interesting to note that with the cross-correlated data, the frequencies become de-
tectable in the equivalent width variations. This is because there are many lines in the
cross-correlation function and some of them are not isolated, which introduces some
asymmetry in the resulting line profile. The equivalent width determination is then
affected by a radial velocity shift. To avoid this effect it is necessary to change the
boundaries of the equivalent width evaluation according to the frequency and ampli-
tude of the radial velocity variations. This would suppose that frequency of the main
pulsation (or even the secondary) is already known, but its determination is our moti-
vation for changing the way in which the equivalent width is calculated, hence it was
decided not to proceed in this way.
The analysis of the equivalent width and radial velocity variations for the cross-
correlated profile are shown respectively on Figures 4.17 and 4.18. They are very
similar to the radial velocity Fourier analysis done for the Si III line (Figure 4.10).
From this it is concluded that even if all the lines vary with the same frequencies and
in phase, a cross-correlation is not necessary. PT Pup is bright and the signal to noise
ratio is very good in individual lines, allowing the analysis to be performed with as
much (if not better) confidence as doing it on a cross-correlated profile.
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Figure 4.17: Fourier analysis of the variations in equivalent width from the cross-
correlated data of PT Pup. (a) detects f1 = 6.0743 d
−1 and (b) detects f2 = 5.9938
d−1.
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Table 4.3: Frequency analysis done on eight different spectral lines or cross-correlated
profiles for PT Pup. The four methods of analysis are the variations in the equivalent width
(EW), radial velocity (RV), pixel-by-pixel (P-b-P) and line profile asymmetry parameter
(LPAP). All the frequencies listed are in units of d−1.
Species EW RV P-b-P LPAP
Si III (4552 A˚) 6.074 6.074 6.027
5.994
He I (4713 A˚) 6.074 6.074
He I (5876 A˚) 6.074 6.074
Mg II (4481 A˚) 6.074 6.074
5.994
C III (4647 A˚) 6.074 6.074
5.994
O II (137 lines) 6.074 6.074 6.074 5.996
N II (98 lines) 6.074 6.074 6.074
Full CCF 6.074 6.074 6.074 5.998
5.994 5.994 5.994
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Figure 4.18: Fourier analysis of the variations in radial velocity for the cross-correlated
data of PT Pup. (a) detects f1 = 6.0743 d
−1 and (b) detects f2 = 5.9938 d−1. This graph
is very similar to the one shown on Figure 4.10 for the Si III line.
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4.3.4 Summary of frequencies
Two frequencies are found, similar to the ones reported by Heynderickx (1992): f1 =
6.0743±0.0001 d−1 and f2 = 5.9938±0.0002 d−1. With every method of detection, the
amplitude of the primary pulsation 6.0743 d−1 is found to be greater than the amplitude
of the secondary pulsation by a factor of about 2.5 whenever the secondary is detected.
In the result of Heynderickx (1992) it appears to be the opposite with their primary
frequency corresponding to our secondary and vice versa. This can be explained in two
ways which seem to be both necessary in this case. Firstly, as calculated by Cugier
et al. (1994), when determining the amplitude of pulsation the results are dependent
on the degree ` and the method used. From Figure 6 of Cugier et al. (1994), the ratio
of the radial velocity amplitude (in km.s−1) to photometric amplitude (in mag)can be
as low as 200 for ` = 2 and as high as 1500 for ` = 0. These values are dependent
on stellar mass. We will see if mode identification can settle part of that issue. In
order to provide confidence in our frequency determinations, Figure 4.19 shows the
sampling of our data phased on the first and the second frequencies. Both frequencies
are reasonably well sampled.
4.4 Mode identification
For the frequency analysis we perform a mode identification using the Si III line at
4552 A˚. The only previous mode identification on this star was done by Heynderickx
et al. (1994). From photometric observations they derived ` = 2± 1 for their primary
pulsation which seems to correspond to our secondary, and ` = 0 for their secondary
which seems to be our primary.
All the parameters used for the mode identifications on the data of PT Pup are
listed below. They are either taken from the literature or computed beforehand. The
first set of parameters are not allowed to vary because we need to limit the parameter
space in order to have the algorithm functioning at its best. It does not affect our
results since these parameters have negligible effects on the mode identification.
• R= 5.4 R
• M= 10.6 M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Figure 4.19: Data sampling. (top) Observations of PT Pup phased on (a) the primary
frequency f1 = 6.0743 d
−1 and on (bottom) the secondary frequencyf2 = 5.9938 d−1.
These graphs show that the data is well sampled over both f1 and f2.
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• Teff = 23800 K
• log g = 4.00
• [Fe/H] = 0.00
The following parameters, specific to the mean line profile, will be allowed to vary in
order to improve the fit:
• v sin i : 1 to 15 km.s−1
• i : 5o to 90o
• Equivalent width : 10 to 13 km.s−1
• Intrinsic width : 15 to 22 km.s−1
• Zero-point shift (i.e. the radial velocity) : 24 to 29 km.s−1
A large parameter space for the pulsational mode characteristics was explored for both
frequencies. A low degree pulsational mode was suspected and so only values of ` ≤ 3
were investigated. This meant that the final set of variable parameters were:
• ` : 0 to 3
• m : −` to +`
• Amplitude : 0.1 to 20 km.s−1
• Phase : 0 to 2pi
The primary pulsation is best fitted by a (1;+1) mode (Figure 4.20) with a very small χ2
value of 0.97. This is an extremely good fit. However there are two other likely modes:
(0;0) and (1;0) with respective χ2 values of 1.56 and 1.59. The difference between these
modes can be seen on the phase across the profile. It shows that the left and right
parts of the line profile are moving out of phase in all three cases, but for (0;0) and
(1;0) the transition between these two parts is very sharp (see Figure 4.21 for the radial
case), while the transition is smoother for the (1;+1) case. The data shows a smooth
transition, hence the (1;+1) mode is clearly the best solution. However, considering
the uncertainty inherent to any measurement, it could be impossible to reproduce a
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very sharp transition of phase between the left and right parts of the line profile in a
real data set. Hence the FPF method would prefer a (1;+1) mode over a radial mode
in the case of any star with a clear radial mode.
Figure 4.20: Best fit to the primary pulsation of PT Pup. Two Fourier parameters are
fitted: (top) the amplitude variation (normalized intensity) and (bottom) the phase across
the profile. The data is in blue, closely surrounded by its uncertainty in green. The red
curves are the fit. This fit is obtained with a (1;+1) mode.
In order to get a better idea about the spectroscopic observational differences be-
tween a radial and a (1;+1) mode, a synthetic set of observations was produced for
both cases with the same sampling as the real data set. These are then presented by
subtracting the mean from all observations and phasing them on the primary frequency
(Figure 4.22). The differences are not clear, which explains the confusion about the
exact determination of the pulsational mode. The result of Heynderickx et al. (1994)
is clearly in favor of a radial mode for this pulsation. This agrees with the current
analysis and the suggestion that modes with m = 0 are underestimated in the FPF
method due to their sharp transition in the phase across the profile.
The fit to the primary pulsation gives information about the properties of the star.
It shows that the central point of the amplitude variations, and therefore of the spectral
line, is situated at a radial velocity of 26.4±0.4 km.s−1. The best estimate for v sin i is
3±3 km.s−1. Figure 4.23 shows the information given about i depending on the chosen
mode. Unfortunately a radial mode cannot give us any information on the inclination
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Figure 4.21: Second best fit to the primary pulsation of PT Pup. Two Fourier parameters
are fitted: (top) the amplitude variation (normalized intensity) and (bottom) the phase
across the profile. The data is in blue, closely surrounded by its uncertainty in green. The
red curves are the fit. This fit corresponds to a radial mode: ` = 0 and m = 0. The sharp
transition in the fit of the phase does not perfectly match the data.
angle i because it affects all the surface of the star in the same way at the same time.
Thus a radial mode will have the same effects on observations from any angle.
The best fit for the secondary pulsation is also a (1;+1) mode, this time with a χ2
value of 0.23 (Figure 4.24). Five other modes were also tested, all almost equally valid
for this pulsation: (2;+1) at a χ2 of 0.23, (2;+2) at 0.24, (2;0) at 0.56, the radial mode
at 0.58 and finally (1;0) at 0.59. The radial mode and the two tesseral modes are tested
because, as seen for the primary frequency, their sharp transition in the phase is the
only way in which they are inferior to the other fits. We doubt that realistic data sets
could reproduce this sharp transition, as it means that all the surface elements behave
perfectly according to the pulsation. No other dynamics are taken into account in the
models, such as coronal mass ejection. These modes should therefore be considered as
valid propositions. These two groups of modes are considered separately.
For the case of m ≥ 1, ` = 1 is a better fit than ` = 2. When m = 0 then ` = 2
becomes the best fit. It is interesting to note that Heynderickx et al. (1994) had a large
uncertainty when identifying ` for this pulsation but concluded that it was ` = 2.
The χ2 values for the mode identification of the secondary pulsation appear lower
than for the primary pulsation only because the uncertainties in the data are greater.
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Figure 4.22: Synthetic LPV produced using (top) a (1;+1) mode and (bottom) a radial
mode.
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Figure 4.23: χ2 plot of the inclination angle i for three different modes of pulsation for the
primary pulsation of PT Pup. Only the most likely modes are displayed. The horizontal
lines represent the range of probable values of i and the small vertical lines indicate its most
likely value. The value of ` and m are in square brackets above each of their corresponding
χ2 information. We can see that the radial mode is equally valid for all inclinations.
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Figure 4.24: Best fit to the Fourier parameters of the secondary pulsation of PT Pup.
The amplitude (normalized intensity) (top) and the phase (bottom) across the profile are
very well fitted by a (1;+1) mode. The data is in blue, closely surrounded by its uncertainty
in green. The red curves are the fit. We can note the larger uncertainties compared with
the Fourier parameters of the primary pulsation in Figure 4.20
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The signal is much weaker for the secondary pulsation, yielding larger uncertainties
and thus more modes could fit the data. The v sin i derived with this fit agrees
well with the one obtained from the fit to the primary frequency within uncertainties:
v sin i = 4±4 km.s−1. The radial velocity differs slightly (0.8 km.s−1) at a lower velocity
of 25.6 km.s−1. This is why both frequencies could not have been fitted together. The
signal to noise ratio is very good, and since the primary pulsation largely dominates
the secondary, all fits to the secondary would have been centered around 26.4 km.s−1
therefore significantly increasing the χ2 values of the best fits. The reason for that
radial velocity shift between the two pulsations is unknown. The information obtained
about the inclination angle i can be seen in Figure 4.25. If the secondary pulsation
corresponds to a (1;+1) mode then 40 ≤i≤ 65. However if it is a (2;0) mode then
33 ≤i≤ 43.
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Figure 4.25: χ2 plot of the inclination angle for six different modes of pulsation for the
secondary pulsation of PT Pup. The horizontal lines represent the range of probable values
of i and the small vertical lines indicate its most likely value. The value of ` and m are
in square brackets above each of their corresponding χ2 information. Note that these χ2
values cannot be directly compared with those in Figure 4.23 (see text for details).
4.5 Summary
Many methods have been used for the frequency analysis of the PT Pup data and have
identified two frequencies. A clear primary frequency at f1 = 6.0743 ± 0.0001 d−1
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and a lower amplitude secondary frequency at f2 = 5.9938 ± 0.0002 d−1. These were
derived from the analysis of the radial velocity variations in the Si III line at 4552 A˚.
Other methods were used on Si III and also on other single lines or cross-correlated
profiles. All analysis gave very similar results. Both frequencies can be linked to the
ones found by Heynderickx (1992), although it seems that their relative amplitudes
have been inverted as their primary frequency corresponds to our secondary, and their
secondary to our primary: 6.01016± 0.00001 d−1 and 6.06352± 0.00002 d−1.
The mode identification of the primary pulsation yields a (1;+1) mode as the most
probable mode of pulsation, but the radial (0;0) mode is also possible. The radial
mode is also identified by Heynderickx et al. (1994) using photometry. This makes
it our preferred solution. There are two possible modes for the secondary pulsation:
(1;+1) and (2;0). Heynderickx et al. (1994) identifies this as a ` = 2 mode of pulsation.
However his result is uncertain and not sufficient for the (1;+1) mode to be ruled out.
A confident determination of this mode would give a good indication of the inclination
angle i for PT Pup.
We can now investigate the variability of the amplitude of pulsations by comparing
our results with Heynderickx (1992) in the light of the work done by Cugier et al. (1994).
The amplitudes of pulsation found through radial velocity are 4.38 km.s−1 for f1 and
1.88 km.s−1 for f2. From Figures 22 and 24 of Heynderickx (1992), we approximate
the photometric amplitudes to 0.0009 mag for f1 and 0.009 mag for f2. The ratios are:
f1 :
4.38
0.0009
= 4867
f2 :
1.88
0.009
= 209
ratio1
ratio2
=
4867
209
≈ 23.3
If we take ` = 0 for f1 and ` = 2 for f2, Figure 6 of Cugier et al. (1994) tells us that
the ratio of the amplitudes for f1 over the amplitudes for f2 should be approximately
ratio1
ratio2
≈ 1500
200
= 7.5
So the method of analysis and the value of the degree ` can account for a large
variation of amplitudes which partially explains the discrepancy between our results
and the results of Heynderickx (1992). But a factor of at least 3 is still unaccounted
for. A more in depth analysis of this phenomenon might explain it, but it seems that
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intrinsic variations in the amplitudes of one or both pulsations happened between 1994
and today. The amplitude of f1 has increased and/or the amplitude of f2 has decreased.
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Chapter 5
HD 189631
HD 189631, also known as HIP 98689, is a southern hemisphere winter object (RA: 20 02 41;
DEC: -41 25 04; epoch = 2000). Before this thesis, it had not been extensively observed.
The first frequency analysis was done by Handler (1999) from HIPPARCOS data, while
its γ Doradus nature was later confirmed by Handler and Shobbrook (2002).
5.1 Observations
We obtained 422 spectra for this star from three different sites. Figure 5.1 is the
histogram showing all the observing sessions of HD 189631. More than 300 spectra
were taken within the first week, a group of 48 observations were taken one year later.
Details of the observing campaign are shown on Table 5.1.
Table 5.1: Observing log for HD 189631.
Instrument Observer Start date Length of run Number of spectra
HARPS P. de Cat July 2nd 2008 7 nights 273
HERCULES P. Kilmartin July 2nd 2008 9 nights 38
HERCULES K. Pollard August 5th 2008 5 nights 7
FEROS L. Mantegazza July 12th 2008 8 nights 56
HARPS E. Poretti June 22nd 2009 10 nights 23
HARPS J.C. Sua´rez July 17th 2009 4 nights 25
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Figure 5.1: The complete data set of HD 189631 is represented on this histogram.. The
dates shown are JD-2450000.
5.2 Properties
No extensive spectroscopic observations of this star have been published. Perryman
and ESA (1997) note a spectral type of A9 V.
5.2.1 Line profile variation
A few observations are necessary to show without a doubt that HD 189631 exhibits
strong variations in its spectral line profile. Figure 5.2 is illustrating this by showing
the cross correlated profile of the first 25 observations. Unlike PT Pup, the shape of
this line profile is strongly affected while the radial velocity does not seem to vary. This
is a good indicator of a g-mode pulsating star since it excludes a dominant radial mode
of pulsation for HD 189631. Pulsation modes with ` ≥ 1 are expected.
5.2.2 v sin i
From our data we find v sin i = 43.6 ± 0.5 km.s−1. As described in Chapter 3 we
used two methods to determine v sin i. A least-squares fit of our data by a broadened
Gaussian profile yields v sin i = 43.8 ± 0.6 km.s−1 (Figure 5.3) while comparing the
Fourier transforms of our data and of a Gaussian broadened to v sin i = 20 km.s−1
gives v sin i = 43.5± 0.5 km.s−1 (Figure 5.4).
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Figure 5.2: Variations of the cross correlated profile of HD 189631. The first 25 observa-
tions are displayed in blue while their mean is shown by the thick red line.
Figure 5.3: Measuring v sin i with the Gaussian method for HD 189631. The v sin i
determination by fitting a broadened Gaussian to the mean spectral line of HD 189631.
This yields v sin i = 43.78± 0.6 km.s−1.
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Figure 5.4: Measuring v sin i with the Fourier minima method for HD 189631. A log-log
plot of the Fourier transform of the mean of our observations of HD 189631 (solid line) is
compared with a Gaussian broadened to v sin i = 20 km.s−1 (dashed line). The vertical
lines indicate the positions of the first minima. The ratio of the first minima along the
abscissa (multiplied by 20 km.s−1) gives v sin i = 43.48± 0.5 km.s−1.
5.2.3 Radial velocity
Only two measurements of the radial velocity of HD 189631 have been published.
Duflot et al. (1995) listed -6.9 km.s−1 while Gontcharov (2006) gave −6.9±4.5 km.s−1.
Using the bisector method and recording the value at 50% of the line depth we obtain
−10.13 km.s−1 from the average of our 422 cross-correlated spectra. Figure 5.5 and
Table 5.2 show that there is a very small asymmetry, concentrated in the upper part
of the spectral line.
Summary Table 5.3 lists the results of these two methods on our individual observa-
tions, as well as the results of the radial velocity determination. Note that the values of
the minima and maxima are not outliers. The large standard deviations are expected
in a pulsating star.
5.3 Frequency analysis
In order to analyze properly our Fourier frequency graphs, we need to take a look at the
spectral window, displayed on Figure 5.6. A spectral window is showing which aliasing
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Figure 5.5: Radial velocity determination for HD 189631. The spectral line is the mean
of 422 cross correlated observations, the central line is its bisector. The two symbols are
situated at 50% and 90% of the line depth.
Table 5.2: Radial velocity of HD 189631 - Radial velocity measured at different
depths of the mean spectral line for HD 189631.
Line depth (in %) Velocity (km.s−1)
20 -10.70
30 -10.46
40 -10.26
50 -10.13
60 -10.04
70 -10.10
80 -10.18
90 -10.18
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Table 5.3: RV and v sin i results for HD 189631. Various results from our detailed
analysis of the radial velocity (RV) and v sin i, the latter either using the broadened
Gaussian method ((v sin i)G) or the Fourier minima method ((v sin i)F ). The first row
(mean line) shows our result using the mean of our 422 cross correlated observations. The
other rows refer to the analysis of the 422 individual observations. We chose a 50% line
depth for our radial velocity measurements.
RV (v sin i)G (v sin i)F
km.s−1 km.s−1 km.s−1
mean line -10.13 43.78 43.48
individual average -10.17 43.48 43.74
min -15.13 35.60 36.65
max -6.57 51.25 51.83
standard deviation (σ) 1.66 3.14 3.18
peaks will be enhanced due to our sampling. In the case of HD 189631 the data set is
large therefore the noise is low. The one day aliases are not extremely high due to the
fact that it was observed in Chile and New Zealand in the same period.
In the following subsections the frequencies are identified using different methods
and therefore they are not necessarily found in the same order or identified by every
method of analysis. We however keep a constant notation for each frequency. To avoid
confusion, remember that for instance f5 can appear before f1 (in the equivalent width
analysis). The way to order them appears clear once we have the result from every
methods.
5.3.1 Photometric frequency analysis
Handler (1999) analyzed the photometric data of HD 189631 from HIPPARCOS, finding
one frequency at 1.67 d−1 and noting a weak, complicated signal. Later, Handler and
Shobbrook (2002) confirmed it as a γ Doradus target and noted the absence of δ Scuti-
type pulsations.
5.3.2 Equivalent width frequency analysis
A Fourier analysis of the equivalent width variations identifies three frequencies: f5 =
0.9787 d−1, f1 = 1.6718 d−1 and f2 = 1.4511 d−1(see Figure 5.7). f1 matches the
single photometric result from Handler (1999). It seems that the pulsational mode
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Figure 5.6: The spectral window shows the expected aliasing pattern due to our data
sampling.
which oscillate at these frequencies is weakly affecting the equivalent width of the
spectral lines as the amplitude of pulsations are less than 1% of the mean equivalent
width: 1.71 km.s−1. Furthermore fitting the frequencies to the data only accounts for
17.95% (f5), 27.64% (f5 and f1) and 39.63% (f5, f1 and f2) of the observed variations.
Since the equivalent width is lightly affected by the pulsations the uncertainty is
higher with this method than with the other methods. This can be seen on Figure 5.8
which shows the data taken during seven consecutive clear nights with a fit produced
using the three identified frequencies.
5.3.3 Radial velocity frequency analysis
The first moment analysis (radial velocity variations) shows four frequencies: f1 =
1.6772 d−1, f2 = 1.4200 d−1, f4 = 1.8227 d−1 and f3 = 0.0711 d−1 (see Figure 5.9).
The first frequency was identified in the Hipparcos photometry. The first and second
frequencies were also found in our equivalent width analysis (Section 5.3.2). The last
two frequencies have never been identified before. Fitting f1 to the data explains 33.07%
of the variations of radial velocity observed. Including f2 accounts for 56.54% , adding
f4 we get to 67.25% and all four frequencies together explain 78.25% of the observed
variations.
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Figure 5.7: Fourier analysis for HD 189631 of the variation in equivalent widths. (a)
identifies f5 = 0.9787 d
−1 as the main frequency with an amplitude of 0.0075 km.s−1.
After prewhitening the data we find (b) f1 = 1.6718 d
−1 at an amplitude of 0.0058 km.s−1,
and finally (c) f2 = 1.4511 d
−1 at an amplitude of 0.0062 km.s−1. The eventual remaining
frequencies are hidden by the noise. Our detection limit is shown by the solid red line.
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Figure 5.8: Equivalent width variations of HD 189631 fitted with three frequencies. The
equivalent width of 303 cross-correlated line profiles within seven consecutive nights at
ESO la Silla, using HARPS and FEROS, is fitted by a solid line using f5, f1 and f2.
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The choice of f3 is a difficult one to make as the highest peak is at 0.0711 d
−1. The
noise floor, from drift noise, increases when approaching low frequencies. An alias can
thus be artificially enhanced by this noise when approaching zero, so f3 could be an
alias of a frequency at 1.07 d−1.
Figure 5.10 is showing the data taken during seven consecutive clear nights fitted
by our four frequencies. The radial velocity variations are clear and the signal-to-noise
ratio is good. We also show the residuals on the lower panel of Figure 5.10, where we
can see that some sinusoidal pattern seems to be present. The chosen threshold of 15
in spectral significance prevents us from identifying more frequencies, but by being less
restrictive we could certainly find a few more. However, these frequencies have a low
signal therefore further mode identification would be very uncertain. A combined mode
identification taking into account too many pulsational frequencies would corrupt the
information derived by using only the dominant pulsations. We decided to be consistent
through all of our frequency analysis and not report frequencies below the threshold of
15.
5.3.4 Pixel-by-pixel frequency analysis
In the pixel-by-pixel method, the normalized intensity variation of every single pixel in
the line profile is analyzed as a time series and a Fourier spectrum produced for each. An
average of these Fourier spectra is then taken. Once again the main frequency is clearly
identified, this time by using the Pixel-by-Pixel method (Figure 5.11): f1 = 1.6797
d−1. For the second frequency (Figure 5.12) we also find f2 = 1.4149 d−1. The third
frequency (Figure 5.13) is found at f3 = 0.0739 d
−1, while the fourth (Figure 5.14) is
at f4 = 1.8228 d
−1. Because there is some debate on a possible alias of f3, we have
prewhitened our data by a least-square fit to f1, f2 and f4 and phase it on f3 and
the possible alias at 1.07 d−1 (Figure 5.15). f3 seems to correspond to a more regular
pulsation than its alias.
On the left panel of Figure 5.16 we show the line profile variations after subtracting
the mean line profile from all observations. Using the pixel-by-pixel method we can fit
a different pulsational amplitude to each pixel independently. It also recognizes that all
pixels are not pulsating in phase, therefore computing a phase across the profile which
represents the phase shift between different parts of the line profile. The amplitude
and phase across the profile derived from this data for each of the four frequencies can
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Figure 5.9: Fourier analysis for HD 189631 of the variation in radial velocity. (a) iden-
tifies f1 = 1.6772 d
−1 as the main frequency with an amplitude of 1.45 km.s−1. After
prewhitening the data we find (b) f2 = 1.4200 d
−1 with an amplitude of 1.19 km.s−1,
then (c) f4 = 1.8227 d
−1 with an amplitude of 0.84 km.s−1, (d) f3 = 0.0711 d−1 with an
amplitude of 0.82 km.s−1. (e) shows the noise floor. Our detection limit is shown by the
solid red line.
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Figure 5.10: Top: The radial velocity of 303 cross-correlated line profiles of HD 189631
observed within seven consecutive nights. The fitted curve is done using the four identified
frequencies. Below: Residuals after removing the effects of the four frequencies.
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be used to produce a fit shown on the right panel of Figure 5.16. This synthetic data is
using the dates of each observations in order to reproduce the data sampling. The data
is phased on the first identified frequency: f1 = 1.6797 d
−1. This fit accounts for 69.5%
of the variations observed in our data set. f1 alone is responsible for 27.0%, f1 and f2
account for 44.7% while f1, f2 and f3 account for 53.4% of the intensity variations.
Figure 5.11: Fourier analysis for HD 189631 using the pixel-by-pixel method - f1. The
top panel shows the mean spectral line along with the amplitude variations at f1 = 1.6797
d−1. The central panel shows the 2D frequency analysis done on each pixel of the profile.
The right panel shows an average across the profile. We identify f1 as the main frequency,
indicated by an arrow.
5.3.5 Investigating the asymmetry of the line profile
We analyzed the asymmetry of the line profile in the way described in subsection 3.3.4.
We can confirm the results of the previous sections: f3 = 0.0739 d
−1, f1 = 1.6822 d−1,
f4 = 1.8198 d
−1 and , f2 = 1.4226 d−1 (Figure 5.17). In this case f3 is responsible for
20.03% of the observed variations, f3 and f1 together contribute for 33.86%, f3, f1 and
f4 combined account for 46.77%, and combining all four frequencies explains 59.50% of
the variations. The mean LPAP is equal to -0.60 km.s−1 which shows that HD 189631
does not exhibit a strong asymmetry in its line profile unlike AC Lep (see Chapter 6).
In Figure 5.18 we show the data taken during seven consecutive clear nights fitted
by our four frequencies.
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Figure 5.12: Fourier analysis for HD 189631 using the pixel-by-pixel method - f2. After
prewhitening the data we find a second frequency at 1.4149 d−1.
Figure 5.13: Fourier analysis for HD 189631 using the pixel-by-pixel method - f3. After
prewhitening the data with f1 and f2 we find the third frequency at 0.0739 d
−1.
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Figure 5.14: Fourier analysis for HD 189631 using the pixel-by-pixel method - f4. After
removing the first three frequencies we find the fourth frequency at 1.8228 d−1.
Figure 5.15: Looking for the third frequency. Line profile variations observed in HD
189631 after removing the effects of f1, f2 and f4. The left panel is phased on f3 = 0.0739
d−1 while the right panel is phased on 1.0700 d−1. The average line profile has been
subtracted from all observations.
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Figure 5.16: LPVs of HD 189631 fitted. Left panel: Line profile variation observed in
HD 189631 phased on f1 = 1.6797 d
−1. Right panel: A least-squares fit to the data is done
with the independent pixel amplitude variations and phase across the profile derived for
the four frequencies. It is also phased on f1. The average line profile has been subtracted
from all observations on each panel.
90
5.3 Frequency analysis
0
5
10
0
5
10
0
5
10
Am
pl
itu
de
 (k
m.
s−1
)
0
5
10
0 1 2 3 4 5
0
5
10
Frequency (cycles per day)
b
a
c
d
e
Figure 5.17: Fourier analysis of the LPAP data set of HD 189631. (a) identifies f3 =
0.0739 d−1 with an amplitude of 9.94 km.s−1. For every other panel we prewhiten the data
with the previously identified frequencies. In (b) we find f1 = 1.6822 d
−1 at an amplitude
of 7.97 km.s−1, in (c) we find f4 = 1.8198 d−1 at an amplitude of 7.18 km.s−1, finally in
(d) we see f2 = 1.4226 d
−1 with an amplitude of 6.15 km.s−1. (e) shows the noise floor.
Our detection limit is shown by the solid red line.
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Figure 5.18: . The LPAP of 303 cross-correlated line profiles taken during seven con-
secutive clear nights fitted with a solid line produced by a combination of f1, f2, f3 and
f4.
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Table 5.4: Summary of the frequency analysis of the HD 189631 pulsations. The amplitudes should
only be compared within a column because they scale differently depending on which method was
used and the units are different: Equivalent width (EW), radial velocity (RV) and LPAP amplitudes
are in km.s−1, pixel-by-pixel (PbP) amplitudes are in normalized intensity ∗10−3, and photometric
amplitudes are in units of mmag. The bottom part of the table shows the fraction of the variation
explained by fitting the frequencies to the data.
f EW RV PbP LPAP Phot. a
d−1 m.s−1 km.s−1 ∗10−3 km.s−1 mmag
f1 1.67 (5.8) 1.68 (1.45) 1.68 (0.85) 1.68 (7.97) 1.67
f2 1.45 (6.2) 1.42 (1.19) 1.41 (0.69) 1.42 (6.15)
f3 0.07 (0.82) 0.07 (0.61) 0.07 (9.94)
f4 1.82 (0.84) 1.82 (0.50) 1.82 (7.18)
f5 0.98 (7.5)
one f 18% (f5) 33% (f1) 27% (f1) 20% (f3)
two f 28% (f5 + f1) 57% (f1 + f2) 45% (f1 + f2) 34% (f3 + f1)
three f 40% (f5 + f1 + f2) 67% (f1 + f2 + f4) 53% (f1 + f2 + f3) 47% (f3 + f1 + f4)
four f 78% (f1+f2+f4+f3) 70% (f1+f2+f3+f4) 59% (f3+f1+f4+f2)
aHandler (1999)
5.3.6 Summary of frequencies
Five frequencies were found, f1 = 1.6719 ± 0.0005 and f2 = 1.4200 ± 0.0005 being
found with every method of analysis. Aliasing patterns make the identification of
f3 = 0.0711 ± 0.0005 difficult. We have more confidence on the identification of f4 =
1.8227 ± 0.0005. Only f1 was confirmed by previous photometric observations. The
summary of our analysis is shown in Table 5.4. The frequencies and their associated
uncertainties listed here are the ones found within the radial velocity variations as this
method is the one giving us the lowest uncertainties.
Having a look at the sampling of these frequencies by our data set can give us
confidence on their accurate determinations. Figure 5.19 is showing four histograms
corresponding to each frequency. The sampling of f1 and f2 is very good. For f4 it is
slightly inferior but still good. However for f3, as expected in the case of a frequency
approaching 0, the sampling is not satisfactory. More data would solve this issue.
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Figure 5.19: Frequencies of HD 189631 sampled by our data set. (top-left) shows the
sampling of f1, (top-right) is for f2, (bottom-left) for f3 and (bottom-right) for f4.
5.4 Mode identification
As in section 4.4 we need to give a set of parameters for all mode identifications. Most
of them are estimated for HD 189631 because none of these parameters have been
evaluated in publications. The estimations are based on its spectral type: A9 V. The
first set of parameters are not allowed to vary because we need to limit the parameter
space in order to have the algorithm functioning at its best. It does not affect our
results since these parameters have negligible effects on the mode identification. The
equivalent width is an exception as it is critical in the identification of the modes, but
its determination is very precise so we already know what the result will be if we let
it vary. This was confirmed by simulations with smaller parameter space but a free
equivalent width.
• R= 1.6 R
• M= 1.5 M
• Teff = 7500 K
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• log g = 4.20
• [Fe/H] = 0.08
• Equivalent width= 1.72 km.s−1
The following parameters, specific to the mean line profile, will vary in order to improve
the fit:
• v sin i from 42 to 45 km.s−1
• i from 5o to 90o
• Intrinsic width from 7 to 13 km.s−1
• Zero-point shift (i.e. the radial velocity) from −13 to −7 km.s−1
Finally we explore a large parameter space for the pulsational mode characteristics for
each frequency:
• l from 0 to 5
• m from −l to +l
• Amplitude from 0.1 to 20 km.s−1
• Complete range for the phase from 0 to 2pi
5.4.1 Independent mode identifications
In order to reduce the total parameter space we begin by performing mode identifica-
tions on each frequency independently. The primary pulsation is best fitted by a mode
with (1 ; +1) with χ2 = 59, the second best fit is obtained by an (1 ; −1) with χ2 = 80.
Both fits depend on the inclination angle i.
The mode identification of the secondary pulsation has many solutions. Most of
these are very dependent on i and solutions are found mostly around the maximum,
i = 90o, and minimum, i = 7o, where the equatorial velocity would reach a critical
value. We note here two possibilities: First, (2 ; −2) with χ2 = 42 is a good fit in
both low (i = 12o) and high inclination (i = 88o). This mode fits well the amplitude
variations in the wings of the spectral line, but poorly the centre as the data shows one
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central maximum where the fit has two. Second, (3 ; −2) with χ2 = 67 spans a wide
range of inclinations centred on i = 32o.
The third pulsation at f3 = 0.0711 d
−1 lies outside the expected range of frequencies
for a γ Doradus star: 0.3 to 3 d−1. This happens if a pulsation has a co-rotating
frequency comparable with the rotational frequency of the star in the opposite direction,
i.e. a retrograde mode. Thus two conditions apply when investigating the modes of
pulsation:
m < 0 (5.1)
|m(1− C)frot|+O(f2rot) > 0.3− f3 (5.2)
where C is the Ledoux constant describing effects of the Coriolis force (Ledoux, 1951)
and the second order term describes effects of the centrifugal force. Only one mode
is selected as the fit is largely superior to all other possibilities: (2 ; −2) ; χ2 = 22.
This solution fulfills both conditions for the considered range of v sin i and inclination
angle i.
Finally, the fourth pulsation has two possible modes which are very different, but
the χ2 values are comparable: (2 ; −2) with χ2 = 22 and (4 ; +1) with χ2 = 23.
From this result we can say that it is not justified to assign an individual uncertainty
to each of the wavenumbers values as the most likely alternative solutions often have
very different values.
Figure 5.20 summarizes the most likely modes along with their dependency on the
inclination angle of the star. These independent fits provide us with a different set of
parameters (radial velocity, rotational velocity and inclination angle) for each pulsation,
so a combined fit is required to achieve consistency of these stellar parameters.
5.4.2 Combined mode identification
A combined mode identification is now performed with a smaller parameter space.
Some of the parameters output by the best fits are presented in Table 5.5.
For this data set the 95%-significance limit is situated at χ2 = 67. The fit for each
pulsational frequency are displayed on Figures 5.21, 5.22, 5.23 and 5.24 where both
best fits are displayed. We note that in some occasions the phase fitting seems poor.
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Figure 5.20: χ2 plot of the inclination angle depending on the different modes of pulsation
for HD 189631. Only the most likely modes are displayed. The horizontal lines represent
the range of probable values of i and the small vertical lines indicate its most likely value.
The value of ` and m are in square brackets with their associated χ2 value to their right.
Table 5.5: Results of a mode identification of HD 189631 for the four identified frequencies.
The first four columns correspond to the ` and m wavenumbers of the pulsation modes
associated with each frequency.
f1 f2 f3 f4 i v sin i Radial velocity Intrinsic width χ
2
km.s−1 km.s−1 km.s−1
1;+1 3;-2 2;-2 4;+1 43.6o 43.7 -9.2 9.6 34
1;+1 3;-2 2;-2 2;-2 38.0o 43.3 -9.6 10.0 35
1;+1 3;-2 2;-2 1;0 48.2o 44.3 -9.6 9.7 39
1;+1 3;+1 2;-2 2;-2 41.5o 44.4 -10.2 10.2 41
1;+1 3;-2 2;-2 3;+1 45.7o 43.7 -10.0 10.1 41
1;+1 3;+1 2;-2 4;+1 41.3o 44.1 -10.2 10.9 41
1;+1 3;-2 2;-2 3;-2 46.4o 43.9 -9.6 10.1 42
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In fact if the difference between the data and the fit is an integer they are considered in
the same phase of the pulsation, but one cycle apart. Thus the fit is considered good.
Overall, a perfect fit is not expected as other modes are present at different frequencies
with comparable amplitudes. Again, the centre of the amplitude variations is not quite
in agreement with the measured radial velocity from the line profile: -10.15 km.s−1 .
The value of v sin i is in good agreement and the inclination angle is quite plausible.
We note that the second best fit, obtained with (2 ; −2) for the fourth pulsation,
is also a very good candidate with χ2 = 34.73. In this case i = 38.0o.
The fit to the secondary frequency is not entirely satisfying. Another good candidate
for this pulsation is (2 ; −2) with a low χ2, but this mode has four maxima across its
amplitude variation profile (this is clearly visible on Figures 5.23 and 5.24 when fitted
to the third and fourth frequencies) whereas the data only shows three (Figure 5.22).
By comparing Figures 5.21 & 5.22, we can think that the secondary frequency would
be well fitted by a (1 ; +1) mode but this mode was not included in Figure 5.20 as
its individual χ2 was too high (113.65). It was later tested together with the other
most likely modes and was still excluded by the statistics: χ2 = 58.01 which is much
higher than 34.33 (most likely mode) and places it outside of the five best fits for this
frequency. It is however still below the 95%-significance limit of 67.
Figure 5.21: First pulsational mode of HD 189631. Fourier parameter of the primary
pulsation of HD 189631 fitted by a (1 ; +1) mode. The amplitude is measured in normalized
intensity and the phase is dimensionless. The data is surrounded by its uncertainty, the
dashed line is the fit.
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Figure 5.22: Second pulsational mode of HD 189631. Fourier parameter of the second
pulsation of HD 189631 fitted by a (3 ; −2) mode.
Figure 5.23: Third pulsational mode of HD 189631. Fourier parameter of the third
pulsation of HD 189631 fitted by a (2 ; −2) mode.
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Figure 5.24: Fourth pulsational mode of HD 189631. Fourier parameter of the fourth
pulsation of HD 189631 fitted by the best fit: a (4 ; +1) mode (dashed line); and the second
best fit: (2 ; −2) (dash-dotted).
5.5 Summary
The analysis of HD 189631 was based on 422 spectra obtained over 13 months from
two sites: La Silla in Chile and MJUO in New Zealand. We measured v sin i to be
43.6± 0.5 km.s−1 and the radial velocity at -10.1 km.s−1.
The frequency analysis allows us to identify four frequencies: f1 = 1.6719± 0.0005
d−1, f2 = 1.4200± 0.0005 d−1, f3 = 0.0711± 0.0005 d−1 and f4 = 1.8227± 0.0005 d−1.
The only result previously published on this star was by Handler (1999) and confirms
f1 = 1.67 d
−1 from photometry. We have some confidence in the mode identification
of the pulsations associated with f1 (1 ; +1) and f3 (2 ; −2). We are not satisfied by
the fit obtained for f2 with (3 ; −2) mode, but it is still the best solution. For f4 we
are not able to choose between two modes: (4 ; +1) or (2 ; −2).
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Chapter 6
AC Lepus
AC Lepus, also named HR 2118, HIP 28434 or HD 40745, is a southern hemisphere
summer object (RA: 06 00 18; DEC: -12 54 00; epoch = 2000). It has been discovered
to be a variable star by the HIPPARCOS team (Perryman and ESA, 1997), and later
progressively classified as a γ Doradus through several publications (Aerts et al., 1998;
Handler, 1999; Kazarovets et al., 2000).
6.1 Observations
We obtained 248 spectra for this star, all taken from MJUO. Figure 6.1 is a histogram
showing a complete overview of the observing sessions of AC Lep. We did a first group
of observations to collect a few spectra of various potential targets. After selecting
this star as a main target, a dedicated observing scheme was designed, but interrupted
for a few months because during this period the star was not observable (i.e. in the
”day sky”). This is why most of the data was taken the following year. The details are
shown on Table 6.1.
6.2 Properties
This star is of spectral type F2 IV (Perryman and ESA, 1997) or F2 V (Abt and
Morrell, 1995), with a surface temperature estimated to be 6790 K (Aerts et al., 1998).
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Figure 6.1: The complete data set of AC Lep is represented on this histogram. The dates
shown are JD-2450000.
Table 6.1: Observing log for AC Lep.
Instrument Observer Start date JD (-2450000) Length of run Number of spectra
HERCULES F. Maisonneuve December 7th 2007 4441 3 nights 15
HERCULES F. Maisonneuve December 28th 2007 4462 1 night 1
HERCULES F. Maisonneuve February 26th 2008 4522 1 night 1
HERCULES F. Maisonneuve March 14th 2008 4539 10 nights 47
HERCULES F. Maisonneuve November 7th 2008 4777 4 nights 35
HERCULES P. Kilmartin December 13th 2008 4813 9 nights 48
HERCULES F. Maisonneuve January 7th 2009 4838 11 nights 82
HERCULES P. Kilmartin February 5th 2009 4867 6 nights 19
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6.2.1 Line profile variation
A few observations are necessary to show without a doubt that AC Lep exhibits strong
variations in its spectral line profile. Figure 6.2 is illustrating this by showing the cross
correlated profile of the first 25 observations. Unlike PT Pup, and like HD 189631, the
shape of this line profile is strongly affected while the radial velocity does not seem to
vary. This confirms the g-mode nature of this star’s pulsations as it excludes a radial
mode of pulsation. Pulsation modes with ` ≥ 1 are expected.
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Figure 6.2: Variations of the cross correlated profile of AC Lep. The first 25 observations
are displayed in blue while their mean is shown by the thick red line.
6.2.2 v sin i
From the mean of our 248 cross-correlated spectra we find v sin i = 37.9± 0.5 km.s−1.
As seen in Figures 6.3 and 6.4 we used two methods to determine v sin i, the Fourier
first minima method and the rotationally broadened Gaussian method, both described
by Duflot et al. (1995) and used by Wright (2008). Both methods yield the same
result. A least-squares fit of our data by a Gaussian profile broadened by the function
of Gray (2005) gives v sin i = 37.92 km.s−1. Using the first minima method gives
v sin i = 37.93 km.s−1. Our result is in good agreement with previous estimates:
Wolff and Simon (1997) estimated 40 km.s−1, Royer et al. (2002) found 42 km.s−1,
Mathias et al. (2004) found 37 km.s−1, De Cat et al. (2006) determined 39 km.s−1 and
Henry et al. (2007) obtained 41 km.s−1. It is noted however that the methods used to
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determine v sin i usually assume a symmetric line profile, whereas the mean of our 248
observations still exhibits an asymmetry.
Figure 6.3: Measuring v sin i with the Gaussian method for AC Lep. The v sin i
determination by fitting a broadened Gaussian to the mean spectral line of AC Lep. This
yields v sin i = 37.92± 0.7 km.s−1. We can note the asymmetry in the data.
6.2.3 Radial velocity
Previous work by De Cat et al. (2006) and Henry et al. (2007), both using a cross-
correlation technique, reported a radial velocity of 31.8 km.s−1 from eight and four
spectra respectively.
We used the bisector method to determine the radial velocity at different levels in
the cross correlated spectral line, as shown in Figure 6.5 and Table 6.2. Gray (1988)
describes this method as the best way to describe the asymmetry. The line bisector
consists of the midpoints of horizontal line segments extending across the profile. Since
the average line is asymmetric, looking at different depths in the spectral line will yield
different results. We used the value measured at 50% of the line depth to define the
radial velocity. We also used the line bisector values at 50% and 90% to compute a
slope which we denote as the line profile asymmetry parameter LPAP, representing the
asymmetry in the line. In section 6.3.5 we show the results of analyzing the variations
in this slope to find pulsation frequencies.
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Figure 6.4: Measuring v sin i with the Fourier minima method for AC Lep. A log-log
plot of the Fourier transform of the mean of our observations of AC Lep (solid line) is
compared with a Gaussian broadened to v sin i = 20 km.s−1 (dashed line). The vertical
lines indicate the positions of the first minima. The ratio of the first minima along the
abscissa (multiplied by 20 km.s−1) gives v sin i = 37.93± 0.5 km.s−1.
Figure 6.5: Radial velocity determination for AC Lep. The spectral line is the mean of
248 cross correlated observations and the central line is its bisector. The two symbols are
situated at 50% and 90% of the line depth.
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Table 6.2: Radial velocity of AC Lep measured at different depths of the mean spectral
line.
Line depth (in %) Velocity (km.s−1)
20 32.79
30 32.84
40 32.98
50 33.25
60 33.56
70 34.06
80 34.65
90 35.33
Table 6.3: Results from our detailed analysis of the radial velocity (RV) and v sin i.
The latter used either the broadened Gaussian method (v sin i)G or the Fourier minima
method (v sin i)F . The mean line uses the mean of our 248 cross correlated observations.
The other values refer to the analysis of the 248 individual observations. We chose a 50%
line depth for our radial velocity measurements.
RV (v sin i)G (v sin i)F
km.s−1 km.s−1 km.s−1
mean line 33.25 37.92 37.93
individual average 33.26 37.70 37.97
min 31.51 33.87 34.31
max 34.70 41.30 41.00
standard deviation (σ) 0.74 1.7 1.5
Summary Table 6.3 lists the results of these two methods on our individual obser-
vations, as well as the results of the radial velocity determination. The values of the
minima and maxima represent the range of the 248 individual observations. The large
standard deviations are expected in a pulsating star. The broadened Gaussian method
gives results more scattered than with the Fourier minima method because it is more
affected by the asymmetry of the line profile.
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6.3 Frequency analysis
The same techniques are used for AC Lep with one exception: Since the noise level is
higher we need to lower our spectral significance threshold in order to identify some
frequencies. It is therefore set to 10 instead of 15 in the case of HD 189631.
The spectral window is presented in Figure 6.6. Since all observations for this star
were taken from a single site (MJUO), it is expected to see strong aliasing patterns at
± 1 day around the true frequency(ies).
Figure 6.6: The spectral window shows the expected aliasing pattern due to our data
sampling.
6.3.1 Photometric frequency analysis
AC Lep was discovered to be variable with a frequency of 1.2134 d−1 by the Hipparcos
mission team (Perryman and ESA, 1997). It has been progressively admitted as a γ
Doradus star through the works of Aerts et al. (1998), Handler (1999), Kazarovets
et al. (2000) and Handler and Shobbrook (2002). Aerts et al. (1998) re-analyzed the
Hipparcos data and found frequencies of 1.1426 d−1 and 1.1211 d−1, but only poorly
explaining the total variance observed in the data. Henry et al. (2007) identified four
frequencies from more than 270 photometric observations: 1.2132, 0.7361, 0.5377 and
2.1820 d−1 in amplitude order. However, due to the low amplitudes involved, they note
that a misidentification of one or two frequencies was possible.
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We therefore performed our own frequency identification on the data of Henry et al.
(2007). Re-analyzing the data from the B filter confirms their results (1.2132, 0.7362,
0.5375 and 2.1820 d−1), while the data from the V filter gives a slightly different result:
1.2140, 0.5380, 0.7360 and 1.1797 d−1 in amplitude order. Note the reversal of the
second and third frequencies and the possible one day alias with the last frequency.
6.3.2 Equivalent width frequency analysis
A Fourier analysis of the equivalent width variations has identified three frequencies:
f4 = 0.9764 d
−1, f5 = 4.9937 d−1, and f1 = 0.7523 d−1 (see Figure 6.7). Only the third
one has been previously identified as a secondary frequency by Henry et al. (2007) from
photometry. Fitting the three frequencies and their amplitude to the data explains 55%
of the variations observed in the equivalent width measurements. f4 alone is responsible
for 39% while f4 and f5 together explain 47%.
When the equivalent width data are phased to these three frequencies the sampling
is good.
Figure 6.8 focuses on a portion of the data (91 observations) taken during 11 nights
in January 2009. The fit includes f3, f4 and f1.
6.3.3 Radial velocity frequency analysis
The first moment analysis (radial velocity variations) shows two frequencies: f1 =
0.7523 d−1 and f3 = 0.5782 d−1 (Figure 6.9). The latter frequency might be related to
the third one listed by Henry et al. (2007) at 0.5380 d−1. Evaluating the residuals show
that f1 is responsible for 43% of the observed variations of measured radial velocity.
Adding f3 to this analysis explains 54% of the variations. Figure 6.10 focuses on a
portion of the data (91 observations) taken within 11 nights in January 2009. The fit
includes f1 and f3.
6.3.4 Pixel-by-pixel frequency analysis
The pixel-by-pixel method allows us to identify two frequencies f2 = 1.0863 d
−1 (Figure
6.11) then f1 = 0.7523 d
−1, even if an alias (1-f) comes first (Figure 6.12). We believe
we made the right choice because f1 = 0.7523 d
−1 has been previously identified in our
analysis and in the photometric work of Henry et al. (2007).
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Figure 6.7: Fourier analysis for AC Lep of the variation in equivalent widths. (a) Iden-
tifies f4 = 0.9764 d
−1 as the main frequency with an amplitude of 0.024 km.s−1. After
prewhitening the data we find (b) f5 = 4.9937 d
−1 at an amplitude of 0.010 km.s−1, and
finally (c) f1 = 0.7523 d
−1 at an amplitude of 0.009 km.s−1 after prewhitening for both
previously identified frequencies. (d) shows the noise floor. Our detection limit is shown
by the solid red line.
Figure 6.8: Equivalent width variations of AC Lep fitted with three frequencies. The
equivalent width of 91 cross-correlated line profiles of AC Lep taken over 11 nights (2009
Jan 7-17) is fitted by a solid line produced by a combination of f4, f5 and f1.
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Figure 6.9: Fourier analysis for AC Lep of the variation in radial velocity. (a) identifies
f1 = 0.7522 d
−1 as the main frequency with an amplitude of 0.49 km.s−1. After prewhiten-
ing the data we find (b) f3 = 0.5782 d
−1 at an amplitude of 0.33 km.s−1. (c) shows the
noise floor. Our detection limit is shown by the solid red line.
Figure 6.10: Radial velocity variations (in km.s−1) of AC Lep fitted with two frequencies.
The radial velocity of 91 cross-correlated line profiles of AC Lep taken within 11 nights
(2009 Jan 7-17) is fitted by a solid line produced by a combination of f1 and f3.
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In the left panel of Figure 6.13 we show the line profile variations after subtracting
the mean line profile from all observations. The data are phased on the first identified
frequency using the pixel-by-pixel method: f2 = 1.0863 d
−1. Specific patterns on these
2-dimensional grey-scale plots are often a characterization of the mode of pulsation.
We can see a trend going from the bottom left corner to the top right corner. It can
be compared with a least-squares fit to the data using the parameters derived when
finding f2, i.e. the amplitude and phase across the profile at each point in the line
profile (right panel of Figure 6.13). This fit accounts for 17% of the variations observed
in our data set.
We can now prewhiten the data (which is equivalent to subtracting the right panel
of Figure 6.13 from its left panel) and phase it again to f1 = 0.7523 d
−1, as shown on
Figure 6.14. Performing a least-squares fit of both frequencies on the data shows that
36% of the total variations of intensity observed in the line profile can be explained.
Figure 6.11: Fourier analysis using the pixel-by-pixel method on the AC Lep data. The
top panel shows the mean spectral line along with the amplitude variations at f2 = 1.08635
d−1. The centre panel shows the 2D frequency analysis for each pixel of the profile. The
right panel shows an average across the profile. We identify f2 = 1.08635 d
−1 as the main
frequency, indicated by an arrow.
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Figure 6.12: Fourier analysis using the pixel-by-pixel method on the data of AC Lep.
After prewhitening the data we find a frequency at 0.24767 d−1, but we identify this as an
alias (1-f) and instead take f1 = 0.7521 d
−1 as our second frequency.
Figure 6.13: Left panel: Line profile variations observed in AC Lep. Right panel: A
least-squares fit to the AC Lep data is done with the amplitude and phase across the
profile for that frequency. The data is phased on the first frequency found by using the
pixel-by-pixel method: f2 = 1.0863 d
−1. The average line profile has been subtracted from
all observations.
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Figure 6.14: Line profile variations observed in AC Lep after prewhitening with the
first frequency. The data is phased on the second frequency found by using the pixel-by-
pixel method: f1 = 0.7521 d
−1. The average line profile has been subtracted from all
observations.
6.3.5 Investigating the variations of the asymmetry of the line profile
The results of the LPAP analysis are shown on Figure 6.15. The highest peak at 0.0867
d−1 is considered to be an alias of 1.0898 d−1 due to its low frequency and the fact
that it corresponds to a one-day alias (f2 − 1) of the first frequency in section 3.2.4.
The second highest peak is at f1 = 0.7523 d
−1 and the third is f2 = 1.0898 d−1, but
these two frequencies have almost equal amplitudes. If we prewhiten the data with f1
we recover f2.
Note that for AC Lep the mean LPAP is equal to 4.99 km.s−1. This is strongly
asymmetric.
Figure 6.16 shows the fit produced by both frequencies on a selected fraction of the
data (91 observations in January 2009). The fraction of the variance explained by f1
is 21%, and by f1 and f2 is 46%.
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Figure 6.15: Fourier analysis of the LPAP data set of AC Lep. (a) is showing the highest
peak at 0.0867 d−1, but is considered a (f -1) alias of f2. The second highest peak is at
f1=0.7523 d
−1 at an amplitude of 5.12 km.s−1. After prewhitening the data with f1 (b)
we find f2=1.0898 d
−1 with an amplitude of 4.40 km.s−1. (c) shows the noise floor. Our
detection limit is shown by the solid line.
Figure 6.16: LPAP of AC Lep fitted by two frequencies. The LPAP of 91 cross-correlated
line profiles of AC Lep taken within 11 nights (2009 Jan 7-17) is fitted by a solid line
produced by a combination of f1 and f2.
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6.3.6 Summary of frequencies
In Table 6.4 we summarize the frequencies identified for AC Lep from the various
methods.
It is clear that the main pulsational frequency is f1 = 0.7523 ± 0.0005 d−1 as we
found it using three different methods and it was seen as the 2nd strongest frequency
in the photometric analysis by Henry et al. (2007). We also note that our secondary
frequency f2 = 1.0863 ± 0.0007 d−1 has not been listed previously. This could mean
that f2 is associated with a pulsation mode that is hard to detect with photometry.
The frequencies and their associated uncertainties listed here are the ones found with
the pixel-by-pixel method as it is the one giving us the lowest uncertainties.
It is interesting to note that the main frequency found by previous photometric
analysis (1.213 d−1) is not detected in our data, so a good combination of spectroscopic
and photometric analysis is required in order to detect a maximum number of pulsation
frequencies. More data in a concentrated campaign is needed to confidently determine
the frequencies of variation occurring in this star.
The sampling of these two frequencies by our data set is shown on Figure 6.17. The
histograms are proving that both f1 and f2 are very well sampled.
6.4 Mode identification
A large set of parameters is used as input for the mode identification. The values used
for the metallicity, effective temperature and log g are taken from the spectroscopic
analysis of Bruntt et al. (2008). The mass and radius are estimated according to these
parameters and the spectral type, which seem to indicate that AC Lep is situated just
above the main sequence like a pre-MS star or a subgiant.
The first set of parameters are not allowed to vary because we need to limit the
parameter space in order to have the algorithm functioning at its best. It does not affect
our results since these parameters have negligible effects on the mode identification. The
equivalent width is an exception as it is critical in the identification of the modes, but
its determination is very precise so we already know what the result will be if we let
it vary. This was confirmed by simulations with smaller parameter space but a free
equivalent width.
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Table 6.4: Summary of all possible frequencies for AC Lep pulsations. All frequencies
are in units of d−1 and the corresponding amplitudes are shown in brackets. Amplitudes
should only be compared within a column because they scale differently depending on
which method was used, and the units are different: Equivalent width (EW), radial
velocity (RV) and LPAP amplitudes are in km.s−1, pixel-by-pixel (PbP) amplitudes
are in normalized intensity ∗10−3, and photometric amplitudes are in units of mmag.
The bottom part shows the fraction of the variation explained by fitting the frequencies
to the data.
f EW RV PbP LPAP Phot. a
d−1 km.s−1 km.s−1 ∗10−3 km.s−1 (mmag)
f1 0.75 (0.09) 0.75 (0.49) 0.75 (5.2) 0.72 (5.16) 0.74 (4.31)
f2 1.09 (6.1) 1.09 (3.68)
f3 0.98 (0.024)
f4 4.99 (0.010)
f5 1.30 (0.33)
f6 1.21 (5.52)
f7 0.54 (3.66)
f8 2.18 (3.88)
one f 22% (f3) 29% (f1) 11% (f2) 21% (f1) 13% (f6)
two f 27% (f3 + f4) 42% (f1 + f5) 23% (f2 + f1) 36% (f1 + f2) 20% (f6 + f1)
three f 33% (f3 + f4 + f1) 26% (f6 + f1 + f7)
four f 31% (f6+f1+f7+f8)
aHenry et al. (2007)
116
6.4 Mode identification
0 0.2 0.4 0.6 0.8 1
0
5
10
15
0 0.2 0.4 0.6 0.8 1
0
5
10
15
Phase
N
u
m
be
r 
of
 o
bs
er
va
ti
on
s
Figure 6.17: Frequencies of AC Lep sampled by our data set. The top panel shows the
sampling of f1 while the bottom panel is for f2.
• R= 1.7 R
• M= 1.2 M
• Teff = 6900 K
• log g = 4.05
• [Fe/H] = 0.08
• Equivalent width= 2.35 km.s−1
The next set of input parameters, all characteristics of the mean line profile, were
allowed to vary to improve the fit:
• v sin i from 35 to 39 km.s−1
• i from 8o to 90o
• Intrinsic width from 5 to 16 km.s−1
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• Zero-point shift (radial velocity) from 29 to 33 km.s−1
Then for each frequency we explore a large parameter space for the pulsational mode
characteristics:
• ` from 0 to 5
• m from −` to +`
• Amplitude from 0.1 to 20 km.s−1
• Complete range for the phase from 0 to 2pi
6.4.1 Independent mode identifications
The parameter space involved for a full mode identification is extremely large and we
need to reduce it in order for the algorithm to function properly. We thus start with
mode identifications on each frequency independently. The primary pulsation is best
fitted by a mode with (2 ; −1), i.e. ` = 2 ; m = −1, with χ2 = 15. The radial velocity
and v sin i agree with the previous results within their respective uncertainties. This
fit does not provide any information about the inclination angle as changing i has little
effect on the fit. It is therefore not restrictive with other pulsations.
The mode identification of the secondary pulsation is easier because this pulsation
is characterized by four maxima in the mean amplitude variation spectrum (Figures
6.20 & 6.21). This limits the possibilities as few modes behave in this way. The best
fit is obtained by a (3 ; −3) mode with χ2 = 11. This fit is strongly dependant on the
inclination angle. The second best fit is a (2 ; −2) mode with χ2 = 13. It also gives us
information about the inclination angle. Figure 6.18 summarizes the most likely modes
along with their dependency on the inclination angle of the star.
These independent fits provide us with a different set of parameters (radial velocity,
rotational velocity and inclination angle) for each pulsation, so a combined fit is required
to achieve consistency of these stellar parameters.
6.4.2 Combined mode identification
Now that a few modes have been selected we can run a combined mode identification
with a smaller parameter space. The two solutions considered have very similar χ2
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Figure 6.18: χ2 plot of the inclination angle depending on the different modes of pulsation
for AC Lep. Only the most likely modes are displayed. The horizontal lines represent the
range of probable values of i and the small vertical lines indicate its most likely value. The
value of ` and m are in square brackets with their associated χ2 value to their right. The
result for the primary frequency is on top while the result for the secondary frequency is
below.
values so we will present both results. The fit to the primary pulsation for both solutions
is the same and shown on Figure 6.19. The 95%-confidence limit of χ2 is 52. Table 6.5
lists our best results.
The best fit, obtained by a (3 ; −3) mode for the secondary pulsation with χ2 = 24,
is shown on Figure 6.20. It tells us that the zero-point shift, or radial velocity, is around
30 km.s−1, which disagrees with our analysis in section 4.1. It is interesting to note that
the centre of the amplitude variations does not agree with the centre of the spectral
Table 6.5: Results of a mode identification of AC Lep for both identified frequencies.
The first four columns correspond to the ` and m wavenumbers of the pulsation modes
associated with each frequency.
f1 f2 i v sin i Radial velocity Intrinsic width χ
2
km.s−1 km.s−1 km.s−1
2;-1 3;-3 13o 38.0 29.9 9.0 24
2;-1 2;-2 18o 38.0 30.1 11.2 25
2;-1 3;-2 17o 38.9 32.3 13.4 37
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Figure 6.19: First pulsational mode of AC Lep. Fourier parameters of the primary
pulsation of AC Lep fitted by a (2 ; −1) mode. The amplitude is measured in normalized
intensity and the phase is dimensionless. The data is surrounded by its uncertainty, the
dashed line is the fit.
line. Another note is that the inclination angle of the star is very small in this case:
i = 12.7o ± 6. With the known v sin i (38 km.s−1) this yields a very high rotational
velocity of 172 km.s−1. Changing i produces a very different amplitude variation so i
is one of the most important factors in this case to obtain a good fit. It is possible that
AC Lep is a fast rotator, or that this mode has been misidentified.
Figure 6.21 shows the second best fit which is obtained by an (2 ; −2) mode for
the secondary pulsation with χ2 = 25. The inclination angle is now 17.9o ± 11, which
yields to slower rotational velocity.
6.5 Summary
The analysis of AC Lep was based on 248 observations, all obtained from MJUO in
Tekapo, New Zealand. From this the v sin i can be found at 37.9± 0.5, and the radial
velocity at 33.2 km.s−1.
We found several frequencies in the Fourier spectrum of AC Lep, only one, f1 =
0.7521 ± 0.0005 d−1, being convincing because it was found with several methods in-
cluding photometry. Only one other frequency f2 = 1.0864± 0.0007 d−1 was found by
two methods. Three more frequencies (f3 = 0.98 d
−1, f4 = 4.99 d−1 and f5 = 1.30 d−1)
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Figure 6.20: Second pulsational mode of AC Lep. Fourier parameter of the secondary
pulsation of AC Lep fitted by a mode with (3 ; −3).
Figure 6.21: Second pulsational mode of AC Lep (bis). Fourier parameter of the sec-
ondary pulsation of AC Lep fitted by a mode with (2 ; −2).
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were found with low amplitudes and the three other frequencies listed by Henry et al.
(2007) using photometry (their f1 = 1.2132 d
−1, f3 = 0.5377 d−1 and f4 = 2.1820 d−1)
could not be confirmed by our spectroscopic study. We restricted ourselves to only two
frequencies for the mode identification because if a frequency is misidentified its mode
identification is meaningless and all mode identifications performed on other pulsations
are compromised. For f1 we identified a mode with (2 ; −1) and for f2 we found (3 ;
−3) or (2 ; −2). An extensive set of observations is needed to improve the quality of
this analysis.
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Chapter 7
Discussion
This chapter summarizes and discusses the results of Chapters 4, 5 and 6 about the fre-
quency determination and mode identification of the data sets of, respectively, PT Pup,
HD 189631 and AC Lep. The line profiles of other targets observed during this work
are presented, and, if enough spectra were obtained, preliminary results are given. A
parallel is done with the results from the literature cited in Chapter 1.
7.1 Frequency and mode identification on β Cephei stars
Many methods have been used for the frequency analysis of the PT Pup data and have
identified two frequencies. A clear primary frequency at f1 = 6.0743±0.0001 d−1 and a
lower amplitude secondary frequency at f2 = 5.9938± 0.0002 d−1. These were derived
from the analysis of the radial velocity variations in the Si III line at 4552 A˚. Other
methods were used on Si III and also on other single lines or cross-correlated profiles.
All analysis gave very similar results. Both frequencies can be linked to the ones found
by Heynderickx (1992), although their relative amplitudes have been inverted as their
primary frequency corresponds to our secondary, and their secondary to our primary:
6.01016± 0.00001 d−1 and 6.06352± 0.00002 d−1.
The FPF method gives excellent results in the case of PT Pup (Chapter 4). The
only issue concerns the discrimination between the low ` modes. In particular, the
synthetic radial mode produces a very sharp transition between the left and right parts
of the phase across the profile. This sharp transition is probably not observable in real
data, as it would mean that all the surface elements behave perfectly according to the
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pulsation. No other dynamics are taken into account in the models, such as coronal mass
ejection. Thus a radial mode should not be ruled out on the only argument that another
mode produces a better fit. Complementary and independent mode identification from
photometry can bring the missing piece of information. Axisymmetric (m = 0) modes
in general are discriminated against when using the FPF method for the same reason.
Taking this into account, and referring to the photometric result of Heynderickx et al.
(1994), the primary pulsation (f1 = 6.0743 d
−1) is thought to be a radial mode, while
for the secondary pulsation (f2 = 5.9938 d
−1) two modes are possible: (` = 2; m = 0)
and (` = 1; m = +1).
The amplitudes of pulsations of PT Puppis were found to vary greatly when com-
pared to the results of Heynderickx (1992). As seen at the end of chapter 4, this is
largely explained by the method of analysis if we take ` = 0 for f1 and ` = 2 for
f2. Largely, but not completely explained, which suggests that intrinsic variations in
the pulsation amplitudes have occurred. Either the amplitude of f1 increased or the
amplitude of f2 decreased, or both happened simultaneously.
The spectroscopic data set of another β Cephei star, HD 163472, has been analyzed
by Wright (2008), identifying a radial mode and a ` = 3 or ` = 4 mode. These results,
as well as others, based on photometry and/or spectroscopy, from Aerts et al. (2003),
De Ridder et al. (2004), Handler et al. (2006), Desmet et al. (2009) or Briquet et al.
(2009), suggest that all β Cephei stars pulsate in low degree ` modes, with at least one
radial (` = 0) mode. However this could be a selection effect since the observed targets
were chosen for their high amplitudes and low projected rotational velocities. They
thus have a higher probability to have radial modes excited to observable amplitudes.
Finally, HD 64365 was observed in order to chose a β Cephei target for this thesis.
After obtaining 16 observations it was clear that the LPVs were very strong and the
same conclusions could be made at that stage about both β Cephei targets, PT Pup
and HD 64365. The latter was not chosen in this work because it was fainter than
PT Pup. The Si III spectral line is shown for the 16 observations in Figure 7.1.
The mean of these observations allows us to estimate the radial velocity at 25.0 km.s−1
using the bisector method. The value of v sin i is low and the methods used are not
reliable in the case of a hot, slowly rotating star. By adopting a conservative approach,
v sin i can be confirmed to be less than 20 km.s−1. The large amplitude of the pulsation,
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Figure 7.1: Line profile variations in HD 64365. The Si III line at 4553 A˚ taken from 16
observations is found to be strongly varying. The mean of all observations is shown in red.
and the fact that the symmetry of the line profile is maintained during the pulsation,
points towards a low degree mode like in PT Pup.
From our experience of β Cephei pulsations, 40 to 100 observations should be enough
to determine the frequency and amplitude of one or two pulsations, as well as iden-
tifying their mode of pulsation. This number depends on the magnitude of the star,
the amplitude of its pulsations, the resolving power of the instruments used and the
sampling of observations. Much larger data sets could be used to study more pulsa-
tions, or analyze the temporal variations in amplitude, and maybe frequency, of the
pulsations. In the case of γ Doradus pulsators, the accurate determination of frequen-
cies and the identification of their pulsational modes are already important challenges
requiring extremely large data sets.
7.2 Frequency and mode identification on γ Doradus stars
We found several frequencies in the Fourier spectrum of AC Lep, only one, f1 = 0.7521±
0.0005 d−1, being convincing because it was found with several methods including
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photometry. Only one other frequency f2 = 1.0864 ± 0.0007 d−1 was found by two
methods. Three more frequencies (f3 = 0.98 d
−1, f4 = 4.99 d−1 and f5 = 1.30 d−1)
were found with low amplitudes and the three other frequencies listed by Henry et al.
(2007) using photometry (their f1 = 1.2132 d
−1, f3 = 0.5377 d−1 and f4 = 2.1820 d−1)
could not be confirmed by our spectroscopic study. The identified frequencies can only
account for at most 55% of the observed pulsation; this leaves about 45% ignored in
the analysis of AC Lep so we must be cautious in the interpretation of the results of
the mode identification. The noise level is high. More frequencies, including the ones
found by photometric studies, could be found on a larger data set. In particular it is
suspicious that the frequency with the largest amplitude in photometry could not be
detected in our study. We suggest a data set of more than 400 observations within a
single season to improve the quality of our analysis on this star would be required, as
it seems that 248 data points are still not enough in the case of AC Lep. We plan on
obtaining more spectra of this star in the future. We restricted ourselves to only two
frequencies for the mode identification because if a frequency is misidentified its mode
identification is meaningless and all mode identifications performed on other pulsations
are compromised. This is the complicated puzzle of AC Lep. For f1 we identified a
mode with (2 ; −1) and for f2 we found (3 ; −3) or (2 ; −2).
The analysis is simpler for HD 189631 where four frequencies are found: f1 =
1.6719 ± 0.0005 d−1, f2 = 1.4200 ± 0.0005 d−1, f3 = 0.0711 ± 0.0005 d−1 and f4 =
1.8227± 0.0005 d−1. The only result previously published on this star was by Handler
(1999) and confirms f1 = 1.67 d
−1 from photometry. The identified frequencies account
for 70% of the observed pulsation, which is satisfying, but possibly leaves a few low
amplitude pulsations to be identified because the noise was much lower on this target.
We have some confidence in the mode identification of the pulsations associated with
f1 (1 ; +1) and f3 (2 ; −2). We are not satisfied by the fit obtained for f2 with (3 ;
−2) mode, but it is still the best solution. For f4 we hesitate between two modes: (4
; +1) or (2 ; −2). Preliminary work on this star with a data set comparable in size
to the one we have for AC Lep also gave results easier to interpret than our results on
AC Lep.
We have more confidence in our frequency determination for HD 189631 than for
AC Lep. Note that the amplitudes of the equivalent width variations are small, thus the
modes of pulsation associated with all frequencies appears to have a very small effect
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on the equivalent width of the spectral line. When a pulsation affects the spectral line
by decreasing the intensity on one side of the profile, the intensity on the other side is
increased. The pulsation induces Doppler shifting by movements of surface elements,
but the overall absorption of light by the chemical elements in the stellar atmosphere
is vastly unchanged. Thus the equivalent width remains unaffected by the pulsations.
Spectroscopic mode identification of other γ Doradus stars have been published.
Balona et al. (1996) worked on γ Doradus itself, identifying f1 = (3; +3), f2 = (1; +1)
and f3 = (1; +1). Aerts et al. (2004a) identified only ` = 1 modes for three pulsations in
HD 12901 and three pulsations in HD 48501. This was also the case for two pulsations
of HD 209295 studied by Handler et al. (2002). These results seem to indicate that
most, if not all, γ Doradus pulsations are ` = 1 modes. However, contrary to this,
Uytterhoeven et al. (2008a) note about HR 2514 that
“all modes, for which an identification was possible, appear to be high-
degree modes (3≤ ` ≤8), which implies that future modelling will be ex-
tremely challenging.”
Lower degree modes were identified in our work, but we nevertheless agree with the
statement that modelling will be extremely challenging. Hatzes (1998) and Jankov et al.
(2006) find high degree modes (` ≥ 2) in γ Doradus variables, respectively HD 164615
and HD 195068. The only previous mode identification using the FPF method was
done by Wright (2008) on QW Puppis (HD 55892) and NX Lupus (HD 139095). High
degree modes were identified in both cases. The frequencies, amplitudes and modes of
pulsations listed from nine published works in spectroscopic mode identification are all
presented graphically in Figure 7.2, taken from Table 1.1. It is interesting to note that
the apparent dominance of ` = 1 modes can be due to a selection effect. Among the
g modes, these are the least affected by geometrical cancellation. They will have large
apparent amplitudes and will be easily detected by surveys of variability. Their higher
signal-to-noise ratio also allows for an easier mode identification.
Uytterhoeven et al. (2008a) also found that the star HR 2514 shows both γ Doradus
and δ Scuti types of pulsation. They suggest that this would be the case for many γ
Doradus stars. We were unable to detect δ Scuti type pulsations in AC Lep and
HD 189631.
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Figure 7.2: Results of spectroscopic mode identification of γ Doradus stars from the liter-
ature. The size of the bars is proportional to the amplitude of the corresponding frequency.
Since these amplitudes are obtained from different techniques in different publications, they
can only be compared relative to other frequencies identified in the same paper. For each
frequency, the identified pulsational mode is indicated in brackets in this form: (` ; m).
The results of nine different publications are represented on this graphic. The references
on the y axis correspond to: (1) Wright (2008); (2) Uytterhoeven et al. (2008a); (3) Jankov
et al. (2006); (4) Handler et al. (2002); (5) Aerts and Kaye (2001); (6) Hatzes (1998); (7)
Aerts and Krisciunas (1996); (8) Balona et al. (1996).
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7.3 Additional γ Doradus targets
In this work we obtained a few spectra on four other γ Doradus stars. All four have
been classified as bona fide γ Doradus targets, by De Cat et al. (2006) for EP Cetus and
IN Libra, and by Handler and Shobbrook (2002) for V769 Monoceros and NX Lupus.
As the study of γ Doradus type pulsations requires many observations, we had to
concentrate our efforts on AC Lep, therefore leaving these targets to be studied in
detail in future work.
All observations about these four stars were obtained from MJUO. Single line pro-
files are presented here instead of cross-correlated profiles because cross-correlation
relies on a good fit to the mean spectrum of the star which is not possible from this
sparse sample. Therefore, in Figures 7.3 to 7.6, which present the Ca I line at 6122 A˚
for these stars, the signal-to-noise ratio is low.
We ignored EP Cet because it was not visible in the sky at the optimum time of
our long observation campaign. EP Cet looks promising for further study of γ Doradus
pulsations. Figure 7.3 shows the 11 observations of the Ca I line at 6122 A˚. As expected,
the line profile seems to vary with the pulsation. The spike on the right side corresponds
to a residual cosmic ray in a single observation.
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Figure 7.3: Ca I line at 6122 A˚ of EP Cet. The individual observations are in blue, the
mean of all 11 observations is in red.
V769 Mon is fainter than AC Lep. As seen in Figure 7.4, the calcium line at 6122
A˚ does not show a strong LPV pattern. This could mean that the main pulsation was
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poorly sampled, i.e. all observations were taken in the same part of the pulsation cycle,
or that the Ca I line is not affected by the pulsation, although this seems unlikely. It
could simply mean that the pulsations have a low amplitude, and a cross-correlation,
which increases the signal-to-noise ratio, would produce data in which the pulsations
could be clearly detected.
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Figure 7.4: Ca I line at 6122 A˚ of V769 Mon. The individual observations are in blue,
the mean of all 13 observations is in red.
NX Lup was observed to follow up on the results of Wright (2008). Only 37 spectra
were obtained (Figure 7.5). Considering the faintness of this star, only poor signal-to-
noise spectra were obtained, and this new set of data could not contribute significantly
to modify the results of Wright (2008). The line profile variations are small and a
cross-correlation is absolutely necessary to further analyze this data.
Only two spectra were obtained for IN Lib (Figure 7.6), which is not enough to draw
any conclusions on the pulsations of this star. It is brighter than NX Lup and therefore
better signal-to-noise has been achieved. It has been chosen as a research target by
Emily Brunsden, currently working on her PhD at the University of Canterbury.
7.4 The methods of analysis
The uncertainties in the mode identification cannot be simply listed in a ”plus or minus”
form. In fact, when uncertain about the value of `, the second best fit often corresponds
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Figure 7.5: Ca I line at 6122 A˚ of NX Lup. The individual observations are in blue, the
mean of all 37 observations is in red.
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Figure 7.6: Ca I line at 6122 A˚ of IN Lib. The individual observations are in blue, the
mean of the two observations is in red.
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to a mode which is not ±1, but ±2. For the value of m, the second best fits do not
seem correlated to the value of m. This is why in this work, when a strong uncertainty
about a mode identification arises, we simply list the second best solution.
For HD 189631, the two identified modes for f1 and f4 have a positive m value of
+1. In these cases the rotational effects become important and should be evaluated
to the second order for a better fit, whereas the models used in this study only take
the Coriolis force into account which is the first order of rotation. The second order is
the centrifugal force. The mode identification of p modes will largely benefit from this
improvement of the models as the centrifugal force modifies the local surface gravity
and therefore affects vertical movements (dominant in p modes) rather than horizontal
ones (dominant in g modes). Also note that for AC Lep the amplitude variation in the
wings is always underestimated by the fit.
As has already been noted for the case of the β Cephei star PT Pup, axisymmetric
(m = 0) modes seem to be difficult to detect when using the FPF method. Synthetic
models predict a sharp transition in the phase across the profile which is difficult to
observe in real data. It is likely that every mode identification method has a weakness
and therefore large spectroscopic data sets should be analyzed using more than one
method, in order to rule out the dependency of the results on the method used.
An interesting result from this analysis is that different pulsations observed in the
same star can be centred around different radial velocities. For instance, in PT Pup,
f1 is at 26.4 km.s
−1 and f2 at 25.6 km.s−1. This phenomenon is observed in every star,
thus outlining the uncertainty in the measurement of the radial velocity using the FPF
method. This is one of the reasons why a combined mode identification is important
as it produces a single coherent set of variables for the target star. It is possible that in
the extreme case of PT Pup, the secondary pulsation, being very close to the primary
pulsation in frequency space, is affected by the dominant primary, giving a sort of
”optical effect”. By this we mean that specific sections of the cycle of the secondary
pulsation were always observed through the same sections of the primary pulsation. An
equal data sampling over not only both frequencies, but also over the beat frequency
(f1 − f2 = 0.0805 d−1), would remove this effect. Once again, more data always solves
issues.
Another method of analysis used in this thesis work was the LPAP analysis. A
symmetric line profile would produce an average LPAP equal to zero, whereas an asym-
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metry towards the blue (shorter wavelengths) will give a negative result, and towards
the red (larger wavelengths) a positive result. The average LPAP for our targets are:
4.99 km.s−1 for AC Lep and -0.30 km.s−1 for HD 189631. With 248 observations and
no gaps in the sampling of each identified frequency it is hard to understand why the
line profile of AC Lep exhibits such a strong asymmetry. It would be interesting to
investigate the value of the mean LPAP for many γ Doradus stars and maybe on some
other similar g-mode pulsators like SPB stars. A comparison of the LPAP of many tar-
gets would inform us if these deviations from the expected symmetry are dominantly
found to be positive or negative. The pulsational nature of the star and the sampling of
the data can account for some deviation from a null LPAP, but we expect that overall
these deviations would not show a trend across all g mode pulsators. The treatment of
the data(reduction process, continuum fitting...), if not done perfectly, will also affect
the LPAP.
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Chapter 8
Conclusion and future work
We have performed one of the few spectroscopic mode identifications on gravity mode
pulsators, only the second one using the FPF method. This is a first step in order to
improve our methods of analysis, particularly the FPF method which has been shown
to work well for pressure mode pulsators such as β Cephei and δ Scuti stars (Zima,
2006). We are satisfied by the results of the FPF method, but an adaptation of the
models used to the conditions encountered in g-mode pulsations can, and should, be
done.
In order to test the frequency analysis and mode identification methods, the analysis
of a p-mode pulsator, the β Cephei star PT Pup, was performed. This was necessary
because the FPF method was found to have difficulties with g-mode pulsators (Zima
et al., 2007). Therefore a good understanding of this method was required before using
it on data sets from γ Doradus stars. The analysis of PT Pup allowed the identification
of two frequencies, a clear primary one at f1 = 6.0743 ± 0.0001 d−1 and a secondary
one at f2 = 5.9938± 0.0002 d−1, which had an amplitude lower than the amplitude of
the primary by a factor of four. The primary pulsation is identified as a radial mode
(` = 0 ; m = 0) while two modes are possible for the secondary, (2 ; 0) and (1 ; +1).
These results confirm the work of Heynderickx (1992) and prove that the FPF
method is efficient and reliable. This is not surprising as β Cephei stars have few
strong pulsations which are therefore easy to study. The picture is more complicated
when dealing with γ Doradus stars.
The same techniques of frequency analysis and mode identification were used for the
analysis of the two γ Doradus targets. Four modes of pulsation have been identified
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from the data of HD 189631: (1 ; +1) at f1 = 1.6719 ± 0.0005 d−1, (3 ; −2) at
f2 = 1.4200 ± 0.0005 d−1, (2 ; −2) at f3 = 0.0711 ± 0.0005 d−1 and (4 ; +1) or (2
; −2) at f4 = 1.8227 ± 0.0005 d−1. Two modes were found for AC Lep: (2 ; −1) at
f1 = 0.7521± 0.0005 d−1 and (3 ; −3) or (2 ; −2) at f2 = 1.0864± 0.0007 d−1.
This research on HD 189631 was done on one of the largest data set ever used for
the identification of g-mode pulsations. The frequency determination is robust and we
attempted the identification of four modes with a varied range of confidence in our
results. This data set will be expanded to check the stability of the frequencies over
time and look for other ones. Seismic modelling can be attempted on this target and
the group at the university of Canterbury is looking into this. HD 189631 is a good
candidate for successful modelling with the determination of n, but also the inclination
angle i.
All published results of spectroscopic mode identification in γ Doradus stars, in-
cluding ours (see Table 1.1) identify low to moderate degree ` modes, which is likely
due to a selection effect. High ` modes have more cancellation and therefore a lower
apparent amplitude. All studies tend to choose targets with high amplitudes for an eas-
ier analysis. The methods used are also more efficient for low degree modes. Contrary
to other publications on mode identification we do not give uncertainty on the modes
identified as a range around our result. When fitting synthetic models to our data, the
first and second best fits are rarely related. Since the second best fit is independent
of the first it needs to be presented separately. For instance, the fourth pulsation of
HD 189631 was identified as a (4 ; +1) or (2 ; −2) mode. Quoting a range around our
best fit would have been: (4± 2 ; +1± 3). This is very misleading as many modes in
this range were clearly excluded. We believe that results using the FPF method should
be presented in this way rather than estimating a ± uncertainty around the best fit.
Not all γ Doradus stars show the same complexity in their Fourier spectrum. Very
large data sets are needed for a good analysis. Note that, when working with data
sets of equal size, the analysis was easier for HD 189631 than for AC Lep. Better
results might have been obtained for AC Lep with hundreds of additional observations
as this star seems to be a particularly complicated case. The mode identification is not
straight forward so these results should not be considered as conclusive. Comparing
them with an independent mode identification based on photometric colour information
could reinforce the results.
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Future work A future challenge is to produce models which incorporate less assump-
tions and more complicated physics. This can be done with rotation, semi-convection,
overshooting or diffusion. Of these, the effects of rotation on the observation of stellar
pulsations are dominant. Townsend (2003) shows that under high rotational velocities
photometric ratios cannot be used to find the degree `, and the amplitudes of pulsations
are greater in the equatorial region than in the polar regions. Thus rotation is strongly
affecting the observable characteristic of the pulsational modes and the models used
to identify these modes must be upgraded in the future to incorporate rotation. New
models must evaluate rotation effects to the first and second order which correspond
respectively to the Coriolis and the centrifugal force. This is a focus of the Christchurch
team at the moment. Also, the observed frequencies need to be shifted by the rotation
frequency of the star. This shift depends on the value of m. Unfortunately the exact
rotation frequency of the star remains unknown as long as the inclination angle i is
unknown.
The mode identification of g-mode pulsations requires large spectroscopic data sets.
These pulsations often have high-degree modes and photometric data can only identify
low degree modes (Breger et al., 1997). Further asteroseismic modelling based on our
results may determine the radial wavenumber n and hence much information about the
internal structure of these stars. This modelling will be challenging.
Similar research to this work can be carried on using different stars. Many γ Doradus
targets have been identified without being further analyzed. In this work, HD 14940
was found to show clear line profile variations, but many other targets are potentially
promising. The analysis of their pulsations, possibly done by independent groups,
would bring important new information in the field of asteroseismology.
The analysis of large spectroscopic data sets of γ Doradus targets should be done
using several spectroscopic mode identification methods in order to study their accu-
racy. If available, the analysis of photometric data should also be done. Identifying the
modes of pulsations in g-mode pulsators is not an easy task and all available resources
should be used for it.
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Appendix A
Complete data sets listed by
Julian Date (JD).
This appendix presents the complete data sets for each star in the form of tables. The
Julian dates given are JD-2450000. The observations of PT Pup, which were all taken
with HERCULES at MJUO with an exposure time varying from five to ten minutes,
are listed in Table A.1. The observations of HD 189631, collected with HARPS and
FEROS at La Silla, Chile, and HERCULES at MJUO, New Zealand, are listed in
Tables A.2, A.3 and A.4. The instrument used is indicated in brackets for each data
point. Observations were taken with an exposure time varying from five to ten minutes,
according to the performance of the instrument. For AC Lep, all the data was collected
with HERCULES at MJUO in New Zealand, with an exposure time of 10 minutes. The
observations are listed in Table A.5.
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Complete data sets listed by Julian Date (JD).
Table A.1: Mean Julian date of observations of PT Pup.
4440.953 4778.054 4817.932 4829.044 4841.976 4845.181 4849.069
4441.082 4778.062 4817.941 4829.142 4842.002 4845.904 4849.077
4441.920 4778.095 4817.968 4829.151 4842.010 4845.916 4849.106
4442.001 4778.103 4817.977 4830.033 4842.039 4845.956 4849.114
4442.040 4778.131 4818.041 4830.041 4842.047 4845.965 4849.142
4442.067 4778.140 4818.049 4830.076 4842.076 4845.994 4849.151
4442.108 4778.168 4818.075 4830.084 4842.084 4846.003 4849.159
4442.120 4778.176 4818.083 4830.149 4842.093 4846.041 4867.913
4442.134 4780.100 4821.925 4830.158 4842.137 4846.050 4867.921
4442.919 4780.108 4821.933 4838.979 4842.145 4846.059 4867.983
4443.015 4780.136 4821.964 4838.987 4844.939 4846.090 4867.992
4443.064 4780.144 4821.972 4839.022 4844.948 4846.904 4868.000
4443.093 4780.170 4822.003 4839.040 4844.978 4846.912 4868.009
4443.118 4780.179 4822.011 4841.003 4844.986 4847.033 4868.017
4443.133 4780.976 4822.041 4841.011 4845.017 4847.044 4868.044
4541.915 4780.984 4822.050 4841.068 4845.026 4848.903 4868.053
4542.897 4781.015 4822.080 4841.113 4845.059 4848.912 4870.929
4542.962 4781.024 4822.089 4841.122 4845.068 4848.955 4870.937
4777.100 4781.061 4822.123 4841.148 4845.097 4848.962 4870.984
4777.982 4781.070 4822.132 4841.156 4845.106 4848.991 4870.993
4777.990 4781.108 4822.162 4841.932 4845.136 4848.999 4871.001
4778.017 4781.117 4829.026 4841.940 4845.144 4849.032 4871.028
4778.026 4781.163 4829.035 4841.968 4845.173 4849.040 4871.036
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Table A.2: Mean Julian date of the first third of the observations of HD 189631.
4650.055 (HARPS) 4650.680 (HERCULES) 4651.373 (HARPS) 4652.348 (HARPS)
4650.064 (HARPS) 4650.705 (HERCULES) 4651.380 (HARPS) 4652.355 (HARPS)
4650.073 (HARPS) 4651.047 (HARPS) 4651.387 (HARPS) 4652.363 (HARPS)
4650.082 (HARPS) 4651.054 (HARPS) 4651.394 (HARPS) 4652.370 (HARPS)
4650.090 (HARPS) 4651.061 (HARPS) 4651.402 (HARPS) 4652.377 (HARPS)
4650.126 (HARPS) 4651.069 (HARPS) 4651.409 (HARPS) 4652.385 (HARPS)
4650.135 (HARPS) 4651.076 (HARPS) 4651.416 (HARPS) 4652.392 (HARPS)
4650.143 (HARPS) 4651.101 (HARPS) 4651.424 (HARPS) 4652.399 (HARPS)
4650.152 (HARPS) 4651.107 (HARPS) 4651.431 (HARPS) 4652.407 (HARPS)
4650.161 (HARPS) 4651.113 (HARPS) 4652.041 (HARPS) 4652.414 (HARPS)
4650.205 (HARPS) 4651.119 (HARPS) 4652.048 (HARPS) 4652.421 (HARPS)
4650.216 (HARPS) 4651.145 (HARPS) 4652.055 (HARPS) 4652.429 (HARPS)
4650.225 (HARPS) 4651.151 (HARPS) 4652.063 (HARPS) 4652.436 (HARPS)
4650.233 (HARPS) 4651.156 (HARPS) 4652.070 (HARPS) 4653.038 (HARPS)
4650.242 (HARPS) 4651.162 (HARPS) 4652.097 (HARPS) 4653.045 (HARPS)
4650.279 (HARPS) 4651.192 (HARPS) 4652.104 (HARPS) 4653.052 (HARPS)
4650.286 (HARPS) 4651.196 (HARPS) 4652.112 (HARPS) 4653.060 (HARPS)
4650.293 (HARPS) 4651.201 (HARPS) 4652.119 (HARPS) 4653.067 (HARPS)
4650.301 (HARPS) 4651.205 (HARPS) 4652.126 (HARPS) 4653.093 (HARPS)
4650.308 (HARPS) 4651.210 (HARPS) 4652.163 (HARPS) 4653.100 (HARPS)
4650.340 (HARPS) 4651.214 (HARPS) 4652.171 (HARPS) 4653.108 (HARPS)
4650.348 (HARPS) 4651.240 (HARPS) 4652.178 (HARPS) 4653.115 (HARPS)
4650.355 (HARPS) 4651.246 (HARPS) 4652.185 (HARPS) 4653.122 (HARPS)
4650.362 (HARPS) 4651.252 (HARPS) 4652.193 (HARPS) 4653.158 (HARPS)
4650.369 (HARPS) 4651.258 (HARPS) 4652.232 (HARPS) 4653.165 (HARPS)
4650.377 (HARPS) 4651.264 (HARPS) 4652.239 (HARPS) 4653.172 (HARPS)
4650.384 (HARPS) 4651.297 (HARPS) 4652.247 (HARPS) 4653.179 (HARPS)
4650.391 (HARPS) 4651.303 (HARPS) 4652.254 (HARPS) 4653.187 (HARPS)
4650.399 (HARPS) 4651.309 (HARPS) 4652.261 (HARPS) 4653.221 (HARPS)
4650.406 (HARPS) 4651.315 (HARPS) 4652.281 (HARPS) 4653.228 (HARPS)
4650.413 (HARPS) 4651.321 (HARPS) 4652.288 (HARPS) 4653.235 (HARPS)
4650.421 (HARPS) 4651.336 (HARPS) 4652.296 (HARPS) 4653.243 (HARPS)
4650.428 (HARPS) 4651.343 (HARPS) 4652.303 (HARPS) 4653.250 (HARPS)
4650.435 (HARPS) 4651.351 (HARPS) 4652.326 (HARPS) 4653.274 (HARPS)
4650.568 (HERCULES) 4651.358 (HARPS) 4652.333 (HARPS) 4653.282 (HARPS)
4650.654 (HERCULES) 4651.365 (HARPS) 4652.341 (HARPS) 4653.289 (HARPS)
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Complete data sets listed by Julian Date (JD).
Table A.3: Mean Julian date of the second third of the observations of HD 189631.
4653.296 (HARPS) 4654.184 (HARPS) 4655.102 (HARPS) 4655.433 (HARPS)
4653.304 (HARPS) 4654.190 (HARPS) 4655.110 (HARPS) 4655.449 (HERCULES)
4653.322 (HARPS) 4654.216 (HARPS) 4655.117 (HARPS) 4655.530 (HERCULES)
4653.329 (HARPS) 4654.222 (HARPS) 4655.124 (HARPS) 4655.618 (HERCULES)
4653.337 (HARPS) 4654.228 (HARPS) 4655.162 (HARPS) 4655.671 (HERCULES)
4653.344 (HARPS) 4654.234 (HARPS) 4655.168 (HARPS) 4655.721 (HERCULES)
4653.351 (HARPS) 4654.262 (HARPS) 4655.174 (HARPS) 4656.041 (HARPS)
4653.359 (HERCULES) 4654.268 (HARPS) 4655.180 (HARPS) 4656.047 (HARPS)
4653.359 (HARPS) 4654.274 (HARPS) 4655.186 (HARPS) 4656.053 (HARPS)
4653.366 (HARPS) 4654.280 (HARPS) 4655.217 (HARPS) 4656.059 (HARPS)
4653.373 (HARPS) 4654.327 (HARPS) 4655.223 (HARPS) 4656.065 (HARPS)
4653.381 (HARPS) 4654.335 (HARPS) 4655.229 (HARPS) 4656.097 (HARPS)
4653.388 (HARPS) 4654.342 (HARPS) 4655.235 (HARPS) 4656.103 (HARPS)
4653.395 (HARPS) 4654.349 (HARPS) 4655.265 (HARPS) 4656.109 (HARPS)
4653.403 (HARPS) 4654.357 (HARPS) 4655.271 (HARPS) 4656.115 (HARPS)
4653.410 (HARPS) 4654.364 (HARPS) 4655.276 (HARPS) 4656.168 (HARPS)
4653.417 (HARPS) 4654.371 (HARPS) 4655.281 (HARPS) 4656.173 (HARPS)
4653.424 (HARPS) 4654.390 (HARPS) 4655.320 (HARPS) 4656.179 (HARPS)
4653.432 (HARPS) 4654.397 (HARPS) 4655.326 (HARPS) 4656.185 (HARPS)
4653.443 (HERCULES) 4654.404 (HARPS) 4655.332 (HARPS) 4656.223 (HARPS)
4653.548 (HERCULES) 4654.412 (HARPS) 4655.338 (HARPS) 4656.229 (HARPS)
4653.633 (HERCULES) 4654.416 (HERCULES) 4655.344 (HARPS) 4656.234 (HARPS)
4653.689 (HERCULES) 4654.419 (HARPS) 4655.350 (HARPS) 4656.240 (HARPS)
4653.742 (HERCULES) 4654.426 (HARPS) 4655.356 (HARPS) 4656.316 (HARPS)
4654.036 (HARPS) 4654.433 (HARPS) 4655.361 (HERCULES) 4656.322 (HARPS)
4654.043 (HARPS) 4654.495 (HERCULES) 4655.362 (HARPS) 4656.327 (HARPS)
4654.050 (HARPS) 4654.520 (HERCULES) 4655.368 (HARPS) 4656.332 (HARPS)
4654.058 (HARPS) 4654.549 (HERCULES) 4655.374 (HARPS) 4656.338 (HARPS)
4654.065 (HARPS) 4654.583 (HERCULES) 4655.380 (HARPS) 4656.339 (HERCULES)
4654.108 (HARPS) 4654.608 (HERCULES) 4655.386 (HARPS) 4656.343 (HARPS)
4654.116 (HARPS) 4654.633 (HERCULES) 4655.391 (HARPS) 4656.348 (HARPS)
4654.123 (HARPS) 4655.039 (HARPS) 4655.398 (HARPS) 4656.353 (HARPS)
4654.130 (HARPS) 4655.046 (HARPS) 4655.404 (HARPS) 4656.359 (HARPS)
4654.166 (HARPS) 4655.053 (HARPS) 4655.411 (HARPS) 4656.364 (HARPS)
4654.172 (HARPS) 4655.061 (HARPS) 4655.419 (HARPS) 4656.369 (HARPS)
4654.178 (HARPS) 4655.068 (HARPS) 4655.426 (HARPS) 4656.374 (HARPS)
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Table A.4: Mean Julian date of the third third of the observations of HD 189631.
4656.379 (HARPS) 4660.222 (FEROS) 4666.318 (FEROS) 5011.912 (HARPS)
4656.385 (HARPS) 4660.228 (FEROS) 4666.325 (FEROS) 5011.926 (HARPS)
4656.390 (HARPS) 4660.234 (FEROS) 4666.340 (FEROS) 5011.940 (HARPS)
4656.396 (HARPS) 4660.240 (FEROS) 4666.346 (FEROS) 5011.956 (HARPS)
4656.404 (HARPS) 4660.246 (FEROS) 4667.062 (FEROS) 5012.927 (HARPS)
4656.411 (HARPS) 4660.262 (FEROS) 4667.077 (FEROS) 5012.941 (HARPS)
4656.418 (HARPS) 4660.267 (FEROS) 4667.084 (FEROS) 5012.955 (HARPS)
4656.426 (HARPS) 4660.273 (FEROS) 4667.107 (FEROS) 5028.906 (HARPS)
4656.433 (HARPS) 4660.279 (FEROS) 4667.115 (FEROS) 5028.921 (HARPS)
4656.445 (HERCULES) 4660.285 (FEROS) 4667.123 (FEROS) 5028.935 (HARPS)
4656.527 (HERCULES) 4660.291 (FEROS) 4667.130 (FEROS) 5028.949 (HARPS)
4656.617 (HERCULES) 4660.308 (FEROS) 4684.580 (HERCULES) 5029.771 (HARPS)
4656.667 (HERCULES) 4660.314 (FEROS) 4684.595 (HERCULES) 5029.786 (HARPS)
4656.720 (HERCULES) 4660.319 (FEROS) 4684.617 (HERCULES) 5029.800 (HARPS)
4657.403 (HERCULES) 4661.367 (HERCULES) 4684.639 (HERCULES) 5029.809 (HARPS)
4659.372 (HERCULES) 4661.447 (HERCULES) 4686.577 (HERCULES) 5030.761 (HARPS)
4659.453 (HERCULES) 4661.522 (HERCULES) 4687.579 (HERCULES) 5030.778 (HARPS)
4659.529 (HERCULES) 4666.015 (FEROS) 4688.566 (HERCULES) 5030.794 (HARPS)
4659.629 (HERCULES) 4666.021 (FEROS) 5003.914 (HARPS) 5030.809 (HARPS)
4659.673 (HERCULES) 4666.028 (FEROS) 5003.928 (HARPS) 5030.827 (HARPS)
4660.000 (FEROS) 4666.034 (FEROS) 5003.944 (HARPS) 5030.844 (HARPS)
4660.058 (FEROS) 4666.040 (FEROS) 5005.943 (HARPS) 5030.861 (HARPS)
4660.066 (FEROS) 4666.047 (FEROS) 5005.958 (HARPS) 5030.878 (HARPS)
4660.073 (FEROS) 4666.062 (FEROS) 5006.939 (HARPS) 5030.941 (HARPS)
4660.092 (FEROS) 4666.202 (FEROS) 5006.953 (HARPS) 5031.581 (HARPS)
4660.100 (FEROS) 4666.209 (FEROS) 5008.914 (HARPS) 5031.849 (HARPS)
4660.108 (FEROS) 4666.215 (FEROS) 5008.927 (HARPS) 5031.864 (HARPS)
4660.115 (FEROS) 4666.221 (FEROS) 5008.942 (HARPS) 5031.879 (HARPS)
4660.123 (FEROS) 4666.228 (FEROS) 5008.956 (HARPS) 5031.894 (HARPS)
4660.130 (FEROS) 4666.234 (FEROS) 5009.915 (HARPS) 5031.909 (HARPS)
4660.187 (FEROS) 4666.293 (FEROS) 5009.930 (HARPS) 5031.923 (HARPS)
4660.194 (FEROS) 4666.299 (FEROS) 5009.943 (HARPS) 5031.936 (HARPS)
4660.200 (FEROS) 4666.305 (FEROS) 5009.958 (HARPS)
4660.216 (FEROS) 4666.312 (FEROS) 5010.903 (HARPS)
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Complete data sets listed by Julian Date (JD).
Table A.5: Mean Julian date of observations of AC Lep.
4440.940 4543.855 4777.961 4781.127 4818.059 4841.131 4845.049 4849.059
4441.063 4543.871 4777.971 4781.136 4818.067 4841.139 4845.079 4849.088
4441.909 4543.880 4777.998 4781.145 4818.091 4841.915 4845.087 4849.096
4441.995 4543.892 4778.007 4813.912 4818.100 4841.923 4845.117 4849.125
4442.035 4543.902 4778.034 4813.921 4818.109 4841.948 4845.125 4849.133
4442.062 4543.909 4778.044 4813.930 4821.905 4841.957 4845.155 4867.887
4442.087 4543.920 4778.074 4813.939 4821.914 4841.985 4845.163 4867.895
4442.116 4543.933 4778.082 4813.947 4821.946 4841.993 4845.895 4867.931
4442.130 4543.943 4778.112 4813.955 4821.954 4842.021 4845.926 4867.939
4442.908 4545.889 4778.120 4813.965 4821.985 4842.029 4845.932 4867.948
4443.008 4548.822 4778.148 4813.974 4821.993 4842.059 4845.948 4867.957
4443.059 4548.828 4778.156 4813.982 4822.023 4842.066 4845.975 4867.965
4443.088 4548.833 4778.184 4813.990 4822.031 4842.102 4845.984 4867.973
4443.114 4548.838 4780.084 4813.998 4822.061 4842.979 4846.032 4870.896
4443.128 4548.843 4780.092 4814.007 4822.070 4842.988 4846.070 4870.904
4462.956 4548.848 4780.118 4814.015 4822.100 4842.998 4846.078 4870.913
4522.951 4548.853 4780.127 4814.025 4822.112 4843.015 4846.885 4870.947
4539.881 4548.860 4780.154 4814.033 4822.144 4843.023 4846.894 4870.955
4539.900 4548.865 4780.162 4814.044 4822.152 4843.031 4846.923 4870.964
4539.916 4548.870 4780.919 4814.053 4838.961 4843.039 4846.928 4870.976
4540.861 4548.875 4780.927 4814.061 4838.970 4843.060 4847.016 4871.011
4541.867 4548.881 4780.937 4814.069 4838.995 4843.069 4847.025 4871.020
4541.907 4548.886 4780.945 4814.078 4839.004 4843.090 4847.056 4872.909
4541.951 4548.891 4780.959 4814.086 4839.012 4843.099 4848.884 4872.919
4542.864 4548.896 4780.967 4817.913 4839.048 4843.109 4848.893
4542.890 4548.904 4780.994 4817.921 4840.966 4844.920 4848.922
4542.916 4548.909 4781.005 4817.951 4840.976 4844.929 4848.945
4542.923 4548.917 4781.033 4817.960 4840.985 4844.960 4848.974
4542.949 4548.926 4781.047 4817.986 4840.994 4844.968 4848.982
4543.968 4548.934 4781.080 4817.994 4841.085 4844.998 4849.013
4543.841 4548.945 4781.089 4818.023 4841.095 4845.007 4849.021
4543.849 4548.954 4781.097 4818.031 4841.105 4845.041 4849.051
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Appendix B
Flat fields for HERCULES
This appendix describes the procedure used in this thesis to compile flat field images
for the 600 Series Spectral Instruments CCD camera installed on HERCULES.
Why new flat fields are regularly needed? Flat fields are needed in the reduction
process of all images to remove artifacts in the data caused by variations in the pixel-
to-pixel sensitivity of the CCD camera. Flat fields are also used to detect the position
of the orders on the camera. Each time the optical instruments are moved, or after a
period of time long enough for the pixel-to-pixel sensitivity to be altered by the aging
of the CCD, new flat fields are needed. On November 11th 2008, HERCULES was
opened to install a scrambler on the optic fibers. As we want to constantly upgrade
our optical instruments in order for HERCULES to remain an extremely competitive
facility in world-wide scientific research, new flat fields need to be produced regularly.
How to collect them? Since the “white lamp” used emits strongly in the red com-
pared to the blue, in order to have enough signal in the blue a long exposure is needed.
However any exposures longer than 1 second has a high risk of over-exposing the CCD
in the red orders (2 seconds seems to be almost exactly at the limit). This is why
many white spectra are taken and later combined to obtain one single flat field with
good signal in the blue (and thus excellent signal in the red). One hundred images was
thought to be enough.
How to combine them? A median filter must be performed on the images in order
to remove all cosmic rays from them. A median filter takes, for each pixel in the final
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Flat fields for HERCULES
image, the median value of all corresponding pixels in the 100 images. For example, if
a pixel value is denoted Xi,j,s, where i is the number of lines (from 1 to 3924), j the
number of columns (from 1 to 4036) and s the image number (from 1 to 100 in our
example), then the Xi,j in the final flat field image is equal to the median of all Xi,j,s
with s from 1 to 100 (i, j are fixed).
However, the command “medsky” in Figaro is giving unexpected data points larger
or smaller by many orders of magnitude than what was expected. The Bzero and Bscale
parameters, stored in the headers, are scaled accordingly and therefore the true data
could theoretically be restored. Unfortunately HRSP could not deal with this. It was
therefore necessary to write a Matlab program which performs a median filter on the
data.
All images were prepared with HRSP, producing “r” files where the data is in 32-bit
format and not integer. This makes it easier for mathematical operations, but all files
are now double in size. A hundred files with 64 MB makes 6.4 GB and not enough RAM
is available for such an operation. This is why the files were grouped by ten, simply
adding the data together and producing one array for every 10 files. Then with these
10 arrays (which could be output as .fit files) a “scaled” median filter was performed.
Scaling means that all 10 images have been scaled with respect to the first one so that
they all have the average same brightness (or photon count). This is done by calculating
the average from all data points in a single image, evaluating the difference with the
first image, and scale all data points in a given image by a multiplicative factor:
X
′
i,j,s =
Xi,j,s ∗Average1
Averages
(B.1)
where
Averages =
∑3924
i=1
∑4036
j=1 Xi,j,s
3924 ∗ 4036 (B.2)
The Size problem with Matlab output of .fit files. A problem was encountered
when outputting the data in .fit files. The size of a .fit file must always be an integer
number of “records”, where one record is equal to 2880 bytes. The headers for a file
can be written so that there will always be an integer number of records, no matter
how many characters there are in the headers. The program to output .fit files with
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Matlab is making sure that this is the case. But the data size is not an integer number
of records:
3924 · 4036 · 4
2880
= 21996.2 (B.3)
HRSP produces these r-files which have the exact same numbers of rows and
columns, but in that case the size of the file is 22002 records, with headers being
equal to 5 records, so the data turns out to be 21997 records. The way I got around
that problem was to use the “cat” commend in Linux to append a file to my final flat
field. This file, called extrasize.bin is exactly 0.8 records (or 2304 bytes). The command
used is:
catinput.fitextrasize.bin > output.fit (B.4)
Back to HRSP! Now this final output file can be used with the command “re-
duce white” in HRSP, and it correctly produces “flat.fit” and “order.fit”. We can
finally reduce all our images, until the next upgrade of HERCULES. Et voila!
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